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EVALUATION

Thls contractual effort provides dinsight to target
angle tracking performance for arrays that are rnull track1ng
noise sources through adaptive means. The work which in-

cluded both computer simulations. and experimental evaluations

is -of general yalue for all angle tracking radar systems
which contain adaptive aperturé capability. 1t supports
RADC Technology Plan TPG RYB by providing a technical ‘basis
for adaptive radar operatiovn in a hostile electromagnetic
environment. The results derived herein will serve as
back-up information and design criteria for tracking radars
in Jammer env110nment

thc;\xf(lCL~v,;,{{

"VINCENT C. VANNICOLA

Project Engineer
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SECTION I
INTRODUCTION

1.1 Statement of the Problem

The- problem addressed in this study is to determine the
effectiveness of monopulse tracking while cancelling jammers in
the sidelobes using practical null steering techniques. The
areas studied to determine whether or not radar tracking accuracy
improves with adaptive processing include theoretical analysis
of optimum adaptive arrays, but emphasize practical, though
perhaps non-optimum, null steering techniques. 1In the study of
practical null steering techniques the effects of typical array
construction errors and the effects of null steering errors have

been included.

1.2 Background

Adaptive sidelobe cancellers (references 1 and 2), and
adaptive optimum null steering antennas (references 3, 4, and 5)
have obtained significant anti-jam protection by steering nulls
on jammers. The antenna pattern distortions due to the null
steering have been calculated for several array configurations.
For the most part, null steering techniques have been applied to
singie beams, rather than, to monopulse beams. However,
recently, a theory was developed by Technology Services
Corporation (reference 6) for obtaining an optimum maximum like-
lihood angular error estimate in an adaptive monopulse array. It
was shown that the solution to the maximum likelihood estimate
allowed a decomposition into a sum and a difference beam.

The practicality of this and other null steering
techniques needed to be fully explored and a comparison of null
steering effects with normal construction error effects had to

be made.

.
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SECTION II
SUMMARY OF RESULTS

Measurements on a fully adaptive émpTitude com-
parison monopulse array with phase-only weights
typically recorded the following boresight shift
data, as a function of the location of the
jammer,

Jammer Location Boresight. Shift

¢ First sidelobe (-10 dB). 0.036 Beamwidth

e Second sidelobe (~11 dB) 0.015 Beamwidth

. Lower and further-out
sidelobes <0.01 Beanwidth

Computer simulations with the same adaptive array,
including both random construction errors and

null steering boresight errors, predicted the

same magnitude of boresight shift as was measured.
This good agreement allows us to extend the
simulation computer program to larger arrays than
the 8-element array measured. For example,

Figure 2-1 shows the computer simulation results
with and without adaptive processing for larger
arrays having random construction errors.

A comparison of boresight shift errors was made
assuming no random construction errors, for the
following array configurations:

¢ Optimum, complex weighted arrays
3 Optimum, phase only weighted arrays

0 Omni sidelobe level canceller

The results are given in Table 2-1 for the jammer
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Figure 2-1 Boresight Shift Error Due to Random
Phase and Amplitude Errors with Null Steering
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SECTION III
CONCLUSIONS

In most cases, random construction errors in the
array cause more monopulse boresight shift error
than will be caused by optimal null-steering of the
sidelobes. For example, random construction errors
causing far-out sidelobe limitations of -35 dB
cause rms boresights shift errcrs of 0.015 beam-
widths approximately, whereas optimal null steering
would cause rms boresight shift errors of 0.001
beamwidths.

Nulling of close-in sidelobes (1st, 2nd) can cause,
with most nulling approaches, more boresight shift
error than construction errors. However, even in
the case of omni sideiobe cancellers, the boresight
shift error will be less than 0.03 beamwidths.

Mainbeam null steering causes severe boresight
shift error, and thus is probably impractical in
most cases. However, the use of a correctcion fac-
tor to compensate for this error is possibie, if
required. Nevertheless, accuracy will greatly
deteriorate with mainbeam null steering.

Using weights at each element in adaptive arrays
causes far less boresight shift error than omni
sidelobe cancellers, especially when nulliing high
close-in sidelobes. MWorst-case shift error much
Tess than 0.003 beamwidths can be obtained even
nulling close-in, sidelobes of -15 dB or higher,
when optimal null steering is used. Nulling of
further-out sidelobes will cause even less error.

e o ek ARSI WL B et L,
s G L SO




e. Pattern decomposition allows first-order astimates
of boresight shift error due te null steering for

. most null steering approaches. At least part of
, the null steering boresight shift error can be re-
. moved by using a correction factor computed when

-

the adaptive weights are known.

f. A1l errors tend to diminish with increasing array
size for fixed location of the jammers, so that
5 tracking accuracy using adaptive arrays is limited
i only by the size of the array, as in the case of
ordinary monopulise arrays.
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SECTION IV

ANALYSIS OF NULL STEERING EFFECTS ON MONOPULSE TRACKING
%‘

This section illusirates the utilization of the can-
celling beam concept to determine the monopulse boresight errors
resulting from different kinds of null steering. The following
specificeyull steering techniques are analyzed.

a. Monopulse tracking system using complex weights

: b. Menopulse tracking system using phase only weights

S

These results are then extended toc the monopulse

tracking system using large arrays.

g 4.1 Optimum Complex Weight Nulling Effects on Monopulse
Tracking

A simpie analysis of the effects of null steering on
l monopulse accuracy can be obtained by producing a decomposition
' of the null-steered antenna patterns into two antenna patterns

as follows;
a. The original unperturbed antenna pattern without
null steering or boresight error, and
b. A "cancelling" pattern that is equal to the
negative of the original pattern in the direction
of the jammer.
The superposition of these two patterns produces a null toward
the jammer. This concept of pattern decomposition applies to the
sum and difference monopulse antenna patterns.
5 There dre two important reasons for using antenna

pattern decomposition;

a. The effects on boresight shift can be immediately
estimatad from the magnitude of cancelling beam in

5w
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the vicinity of boresight of the monopulse
difference pattern.

b. An algorithm can be used in the simulations and
experiments which adjusts the amplitude and phase
of a cancelling beam to form a null toward the
jammer (beam space algorithm).

4.1.1 Complex Weight Nulling of Monopulse Sum Beams

It is shown in Appendix A, and in References 2 and 5,
that the optimum LMS (or S/N) antenna pattern {sum beam) can be
decomposed into a beam toward the desired signal, and one toward
each jammer. Both patterns can be described as being formed from
linearly phased uniform illumination functions. For the case of
a broadside array of equally spaced elements, from Equation 17
and 19 of Appendix A; the total optimally null-steered sum
pattern can be written as:

sin % (z) sin % {z - 9} .
¢, (¢, 8) = A —F——+K - (4.1.1-1)
sin 5 (¢) sin 5 {¢ - 6}

where
¥ = the far field null-steered sum pattern

£, 8 = electrical phase corresponding to the mechanical
angle of the target and the jammer, respectively

A, K = compiex weights of the main peam and cancelling
beam, respectively

N = number of elements
The constant K is calculated specifically in Appendix A.

However, for purposes of this report, we note that K is
approximacely the sidelobe level of the main pattern in the
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direction of the jammer, as depicted in Figure 4.1.1-1, if the
jammer power is large. This follows also by noting that the
total pattern in the direction of the jammer must be approxi-
mately zero, i.e., the second term of Equation (4.1.1-1) should
cancel the first term in the direction of jammer. Since at

¢ = @, the first term of Equation (4.1.1-1) is the sidelobe of a
main beam toward the jammer and the second term equals K.
Therefore, K must be approximately the negative of the sidelobe
Jevel toward the jammer in order to achieve cancellation. The
second term of Equation (4.1.1-1) is often called a cancelling .
beam and achieves nulling of the sidelohe level. ;

Using the cancellation beam concept, it is now possible
to show the basic "beam-space" algorithm.

In the "beam-space" technique a weight vectoay, ws,
is first formed in computer software corresponding to a beam
pointed toward the desired signal. For an array using a
uniform amplitude distribution, this weight vector is composed
of the <omplex unit phasors corresponding to each elament phase
shifter setting, and is given by:

)

s
. P
gd fm

N J

th element of an m

where 0? 1S the phase shifter setting of the i
element Tlinear array. The values of ﬂ? are determined by the
divection of arrvival (DOA) of the signal through the following

relationship:

S = = ¢
i
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where d, is the array element Tocation (relative to the end .
element) and 0 is the angle of arrival (measured from array }
boresight) of the desired signal. The beam-space algorithm
assumes that QS is knouwn. A second weight vector, W) is also
formed in computer software corresponding to each jammer. These
weight vectors are similar in form to the signal weight vector
above, except that they form a beam in the direction of each
jammer and are given by: ;

r

\ n
1 f
: |
- ‘
eJﬁi ;
wJ=-<* ? ?

; J

J 2
L e”'m
vhere again Qg = %E di sin Qj and where Qj corresponds to the .

angie of arrival of the jammer source. The DOA of these jamming
sources are assumed to be known via a jammer finder beam or some
other source. Although this information is not essential to the
basic operation of the beam-space algorithm, it substantially
reduces the number of iterations required to form an antenna
pattern null in the direction of the jammer source.

A weighted sum of the weight vector, W® and WY yield

the total weight vector that controls the array. For a given
signal source and one jammer source, the total weight vector is

given by:

W= S

+ K WY
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For the case where both amplitude and phase weighting are ;
available, the amplitude and phase of the complex weighting

constant K are va(ied by the computer until the software jammer

beam formed by KW matches the side-lobe level of the desired

signal pattern (formed by ws) in the direction of the jammer

source. When a match occurs, subtraction of these two software

beams forms a null toward the jammer. This procedure is ;
illustrated in Figure 4.1.1-2. Note that the subtraction occurs ‘
in software by subtracting weight vectors and not in RF hardware.
This total weight vector is then impiemented on the array by
setting the complex weights to values corresponding to this

weight vector. The resultant antenna pattern will thern exhibit
a null in the direction of the jammer source. For multicvle
jammers, the total weight vector takes the form:

M .
W'o= W o+ K. oW
=1'l1

where M is the number of jammer sources and Ki wg is the weight
vector the ith jammer source.

4.1.2 Complex Weight Nulling of Monopulse Difference Beams

The same optimal pattern decomposition associated with
null steering applies to not only the sum pattern, but also the
difference pattern. This is proven in Appendix A of this report.

The effect of nuli steering on boresight accuracy of :
a monopulse system can be estimated by simply obtaining the
amplitude of the cancelling pattern in the region of the
unperturbed difference pattern null, as depicted in Figure
4.1.2-1. The cancelling beam, when superimposed on the
unperturbed difference pattern, will destroy the unperturbed

null and cause & somewhat higher minima closeby, which 1is
approximately the location of the new moncpulse boresignt. The
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depth and the shift of the resultant null depends on relative P
phase and amplitude of the cancelling beam with respect to the
unperturbed difference pattern. For example, if the cancelling %
pattern is negative real as shown in Figure 4.1.2-1, in order to
cancel a positive real sidelobe, the new shifted null must be
formed where the unperturbed difference pattern intersects the
positive lobe of the cancelling beam. This is the maximum
(worst-case) boresight shift error. If the cancelling beam side
; lobe around boresight is at a 90° phase with respect to the
: difference pattern 1ittle boresight shift would occur, but the

di“ference pattern null would decrease to the value approxima-

tely equal to the cancelling pattern side lobe at boresiaght. The
b product detector that is used to sense monopulse boresight in
actual monopulse systems would still have a tracking null at the
same position as in the unperturbed pattern. In general, the
product detector null, which takes into consideration the phase
relation between the sum and difference pattern, will be close
to, but will not coincide with, the difference pattern null.

Figurc 4.1.2-2 shows a calculation of boresight shift
resulting from the cancelling beam in a complex weighted array,
as taken from Appendix A. This plot is a boresight shift versus
’ jammer-signal separation angle. The figure has been normalized
to beamwidths to remove the effect of array size from statements
about boresight shift versus location of the jammers. As shown
in the figure, the worst-case boresight shift for the jammer
appearing at the first sidelobe is approximately -0.0375
4 beamwidths. After the first several (4-5) sidelobes, the bore-
| sight shift is Yess than 0.01 beamwidths.

In extrapolating this calculation to a more practical
array, it is important to note that this was a calculation for a
uniformly illuminated array with a 13 dB first sidelobe level. |
Nulling antenna ratterns with lower sidelobe levels would require

| 16 ;
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a lower cancelling beam; and would cause less boresight shift.
Another method to cancel a jammer in a monopulse tracking system
is to use a sidelobe canceller array with complex weights. The
sidelobe level canceller uses an omni canceliing pattern that is
adjusted in amplitude and phase to create a null toward the
jammer.

In the case of the fully adaptive array, the amplitude
level of the cancelling beam, in the region of the difference
pattern boresight, varies as the product of the sidelobg level
being cancelled and the sidelobe Tevel of the cancelling beam
at boresight. The situation s that the cancelling beam peak
is at the sidelobe level being cancelled, and its sidelobe level
at the difference pattern boresight is still lower by approxi-
mately the same sidelobe ratio. On the other hand, the
amplitude of the omnidirectional cancelling beam of a sidelobe
canceller array at the difference pattern boresight is approxi-
mately the same as the sidelobe level beam cancelled. Since the
omnidirectional antenna also preoduces an amplitude approxinately
equal to the sidelobe level of the beam cancelled (at boresight),
the boresight error will be far greater than with the fully

adaptive array.

Random error effects can also be represented by an omni
directional patterr added to the unperturbed antenna pattern,
such as depicted i .gure 4.1.2-3. The expected value of the
pattern, taken over all possible random errors, is omnidirection-
al with a mean value determined from the variance of the random
errors. The far-out rms sidelobe level of most antennas is
usually at this level, since the far-out sidelobes are usually
dominated by random construction errors rather than the diffrac-
tion effects. Thus, the effect of random errors on boresight
shift is approximately that of an omnicancelling pattern with an
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amplitude given by the random construction errors of the array.
These randem errors cause much larger boresight errors than the
fully adaptive cancelling patterns that would cancel jammers
arriving on far-out sidelobes. Specific calculations of the
effect of random errors on monopulse errors are reported in
Reference 7.

Tne actual boresight shift error due to a cancelling
beam amplitude in the region of the difference beam null can be
obtained using Figure 4.1.2-4.(a typical unperturbed difference
pattern). The figure shows several examples of cancelling beam
amplitudes resulting from a null steering operation. For
example, if an omnidirection21 cancelling beam at a Tevel of
20 dB below the unperturbed sum beam peak is regquired to cancel
a jammer in the difference pattern, then a worst-case difference
pattern boresight shift of 0.06 beamwidths will result. Typical
random construction errors, which originate sidelobe levels of
the order of 25 to 35 dB below the unperturbed sum peak, cause
shifts of 0.035 to 0.01 beamwidths. On the other hand, a fuiiy
adaptive cancelling pattern would create the ampliitude errors at
boresight approximately equal to the product of the sidelobe
level being cancelled and the sidelobe levei of the cancelling
beam at boresight. This amplitude level would cause <0.01 heam-
width shift of the difference pattern boresight for a 20 dB side-
lobe. Of course, nulling in the main beam would cause vary large
boresight errors.

Another method of calculating boresight shift, due to
the cancelling pattern, is to divide the amplitude of the
cancelling beam, evaluated at boresight, by the siope of the
monopulse difference pattern, as has been demonstrated in
Equation (A-21) in Appendix A.

20
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4,2 Optimum Phase-Only Weight Nulling Effects on
Monopulse Tracking

The previous section considers adaptive monopulse
tracking arrays, as well as monopulse tracking arrays with
only a few sidelobe level cancellers. For large fully adap-
tive arrays, the complex weights can be very expensive.

On the zther hand, the sidelobe cancellers introduce
large boresight errors. However, null steering can be
accomplished with Tess expense using only phase shifters at each
element. The phase-only null steering is a relatively new
technique developed at Harris ESD in a series of recent
contracts (Reference 8-11).

This technique has the advantage of incorporating
adaptive weights at each element, as opposed to a few
auxiliary omni-directional elements, thus achieving near
optimum cancelling beams with low boresight shift errors. Also,
this technique is believed to require somewhat less complexity
and expense than using complete amplitude and phase complex
weights, while maintaining the potential for nulling many
jammers. In addition, a digital search optimization was used
in order to eliminate the expensive analog correlation cosnirol
used in most proposed adaptive arrays and coherent sidelobe
cancellors.

The emphasis of this contract has been on a detailed
computer analysis and experimental measurement program of the
boresight shift error (in practical amplitude monopulse arrays)
in the presence of array construction errors. Optimum null
steering was used with phase-only weight constraints. It is
not proposed that the phase-only weighting or the digital v
search null-steering techniques utilized are the best for all
applications; rather, the results of this study are representa-

tive of a class of optimum null steering algorithms.




4.2.1 Phase-Only Nuiiing oY Monopulse Sum Beams

It has been shown that if only phase shifters are
available for adaptive weights (i.e., magnitude of all weights
are constrained to unity), that the optimum sum pattern under
such weight constraints can be decomposed into an unperturbed

pattern, and a two-lobad caitcelling beam (References 10 and 12).

Figure 4.2.1-1a shows caiculations performed for the
final pattern after nuiiing and the two-lobed cancelling beam
for a uniformly illuminated array without construction errors.
Figure 4.2.1-1b shcws the nulled sum beam and the two-lobed
cancelling beam for an amplitude tapered array when array con-
struction errors are inciuded in the calculation {Reference 7).

The two-lobed cancelling pattern iresults from using
phase-only adaptive weights, and has also been dgrived by the
analogy of phase modulation theory tnat results 'n two side-
bands (Reference 13).

The null steering algoritnm used in the computer
simulations for this contract was a "beam-space" algorithm
similar to that previously described in Paragraph 4.1.1.
However, when phase-only weights are used, certain small angle
approximations (that simplify the beam-space calculaticons) can
be made, as detailed in Reference 12.

4.,2.2 Phase-Only Nulling of Monopulse Difference Beams

Thr subject of usirg phase-only weights for null
steering in monopuise tracking arrays has not been discussed,
to our knowledge, in the literature. There are many possible
forms of monopulse tracking arrays. The one investigated in
this contract was an amplitude tracking array monopulse with
phase-only null steering of left and right beams.
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Most of the emphasis of this contract was on an
amplitude monopulse technique, since it represents a class of
more efficient sum and difference pattern illuminations with
lower sidelobes than the phase mcnopulse techniques. In
dddition, the past knowledge of phase-only nulling of a sum
beam can be applied directly to the nulling of the left and
right beams of amplitude monopulse. There was also a brief
study of a phase trackingmonopulse array, with null steering
of the sum and difference beams formed by adding and subtracting
the left and right array halves, but there was not sufficient
time to investigate it in detail.

Figure 4.2.2-1 depicts the amplitude tracking mono-
pulse array which was analyzed in detail and measured for this
contract. The output of the antenna elements are power divided
to feed two summing networks which create the left and right
squinted beams of the amplitude monopulse. Each array con-
sisting of phase shifters and summers, is separately protected
from jamming by adaptive null steering, as indicated by the
null steering control loops shown on the diagram.

Since both the left and right beams have nulls
toward each jammer, only residual jamming occurs in either
beam. Thus, any linear combination of these beams, such as the
sum and difference monopulse channels, are also protected by
this null steering.

The application of cancelling beam concepts to
amplitude monopulse is conceptually no more different than the
single beam case. However, because of the twe to four beams
necessary for a monopulse system, the mechanics of computing
the cancelling beam become considerably more complicated. The
cancelling beam application presented below, however compli-
cated, does present a method that is easilys visualized and
leads to a simple and accurate prediction of the boresight
shift due to adaptive null steering.
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The adaptive null steering procedure employed was to
nuli the right beam, then null the left beam, and finally form
the sum and difference beams. Separate cancelling beams were
then generated for the right and left beams, The cancelling
beam for the difference pattern is then just the difference
between these two cancelling beams.

The forms of these cancelling beams are shown in
Figure 4.2.2-2, and are valid as long as the small angle
approximation is valid. The cancelling beams have nulls at the
peaks of the left and right main beams (not boresight, because
the beams are squinted) and symmetric maxima near the inter-
ference direction of arrival, and the opposite side of the
main beams. Note that both cancelling beams have a finite gain
at boresight, As is shown, the interference enters the left
beam at a different level (even a different sidelobe) than the
right beam. This means that while the cancelling beams have
the same general shape, they are different due to the squinting
of the beams. The cancelling patterns will then have different
levels at boresight, and their difference, which forms the
cancelling beam for the difference pattern, will also be non~
zero at boresight. This perturbation of the main difference
pattern produces a boresight shift, as discussed in Paragraph
4.1.2.

Simulations of an amplitude-monopulse array were
performed at Harris. The beam space search algorithm emplioyed
has been already described. These simulations permitted the
computation of boresight shifts due only to null steering.

The computer simulation results for random errors are

discussed in Paragraph 4.3. The agreement with breadboard
results was good, and the above analysis allowed the prediction
of boresight errors due to null steering when the smail-angle
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approximation was valid. The simple small-anglie approximation
uses real beam space coefficients; an exact analysis requires
compiex coefficients. Complex coefficients were used in the
simulation; however, for interference entering low sidelobes
the compliex coefficients are very nearly real. All simulations
were for an 8-element linear array with an interelement spacing
of 0.48%9).

One case to be presented in detail is a jammer
entering a sidelobe at 45° from boresight. The unadapted
difference pattern is shown in Figure 4.2.2-3, and the pattern
after a computer null-steering simulation in Figure 4.2.2-4.

A blow-up of boresight for the adapted pattern is shown in
Figure 4.2,2-5, and illustrates a boresight shift of 0.3°.

This result pertains to an ideal array as no random errors were
included initially in this simulation. To see if cancelling
beams can be used to predict this boresight shift, and to
observe their form, cancelling patterns for the twe squinted
veams and the cancelling pattern for the monopulse difference
beam were calculated. These patterns are shown in Figures
4.2.2-6 and 4.2.2-7, respectively. The cancelling beam for the
difference pattern is asymmetrical. This is not surprising,

as it is the difference between two unequal beams each one
symmetrical about its own squint angles, not about boresight.
The calculations performed with these patterns are given in
Table 4.2.2-1. These rather rough calculations agree. very well
with the simulation results. The ratio of the level of the
left cancelling beam to the right cancelling beam level at 45°
indicated that there would Le a peak in the difference can-
celling beam. The difference-beam sidelobe that was cancelled
is about -15 dB. This implies a relatively small perturba-
tion of the unadapted difference pattern (about 17% in voltage)
so the small angle approximation is valid.
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Table 4.2.2-1. Specivic Calculation Values for 45°
Jammer Cancelling Beam
Ratio SLL 45%/peak of Right Beam: -18 dB
Right Level of Cancelling Beam at 45%. .18 4B
Ratio SLL 45°/Peak of Left Beam: -25 dB
Left Level of Cancelling Beam at 45%, .26 4B

L2ft Canceiling Beam Level . -8 dB
Kight CanceTiing Beam Level”

Ratio of A Cancelling Beawm Level at Boresight
to Level at 45%: -12,275 dB
Ratio of A Beam Level at 450/Peak: <15 dB
Level of Canceiling Beam at Boresight: -28.275 dB
Rzimuth Angle for -28.275 dB Level of Unadapted

A Pattern: 0.30o
0

Boresight: 0.3
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. boresight of this pattern, Figure 4.2.2-10, indicates a bore-

The next case illustrates the limitations of the
theory when the small angle approximation is not valid. For
this case, the interference was entering a sidelobe 27° from
boresight. Figure 4.2.2-8 shows the unadapted difference
patterns. The jammer is entering very close to the main beam.
The pattern shown in Figure 4.2.2-9, is the adapted difference
pattern for a jammer entering at 27°.  The blow-up around

sigit shift of about 0.6°. The appropriate cancelling beams .
are shown in Figure 4.2.2-11 and 4.2.2-12. The cancelling

pattern for the difference beam depicted in Figure 4.2.2-12
“shows a very high level at boresight, so a large boresight

[N

shift error might be expected. The cancelling beam calculations
for this case are notvery good, for several reasons. The
sidelobe level at 27° is about -10 dB from the peak of the
difference beam, implying a perturbation of the unadapted
pattern of about 32% in voltage. The other major reason for
inaccuracies in the calculation is that the canceliing beam of
the difference pattern shown in Figure 4.2.2-12 is varying very
rapidly about boresight, so the approximation that the
cancellation pattern ievel is constant near boresight leads to K
large errors. This case is a worst-case, and illustrates two
important facts. The boresight shift is strongly dependent on
the level and rate of change of the cancelling beam about
boresight, which in turn is dependent on the level of the side-
lobe to be cancelled, and the separation of that sidelobe from
boresight. It is to be stressed that these are practicai

lTimitations to approximate cancelling beam calculations, not
theoretical oroblems. Table 4.2.2-2 shows the specific values ;
used in the 27° cancelling beam calculation. S )
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Table 4.2.2-2. Specific Caiculation Values for 27° Jammer
Cancelling Beam

Ratio of SLL 270/Peak of Right Beam: -13.5 dB
Level of Right Cancelling Beam at 27°.  _13.5 dB
| Ratio of SLL 27%/pPeak of Left Beam: -23.0 dB
3 Level of Left Cancelling Beam at 27°: -23.0 dB

R . 0
Left Cancelling Beam 27 — _9.5 dp
Right Cancelling Beam 27

A Cancelling Beam level at Boresight | 219.58 dB
A Cancelling Beam 27°

Ratio of A Beam Level at 270/Peak: -9.0 dB * i
Level of Cancelling Beam at Boresiygnt: -28.58 dB
Azimuth Anglie for -28.58 dB Level of Unadapted

5 Beam: 0.28°

Boresight Shift: 0.28°
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4.3 Extrapolation of Results to Larger Arrays

The results given in this report are mostly for small
arrays. A practical monopulse array might have hundreds of
elements, and for this reason it is necessary to extrapolate
the results presented here. This can be done easily, as there
is no basic theoretical difference between a large array and
a small array. For clarity, the boresight shift error due to
null steering and due to random errors will be discussed
separately.

4.3.1 Optimal Complex Weight Nulling for Larger Arrays

In Appendix A, an expression is given for the bore-
sight shift error due to optimal null steering,

2
=970 i (N8y (Mol ooy (Mlogy o ML o5y (BoL gy
- 1+NJ /o 2 4 4 4 2
an (rad) T2 1y < .38
17 (N® - 1) sin 5
(4.3.1-1)
where.:
N = the number of elements
J = the input jammer power
§ = the jammer electrical DOA
02 = thermal noise

The boresight shift error is inversely proportional
to N3, If this boresight shift is normalized to the beamwidth
which is proportional to 1/N, then the result 's a 1/N2
dependence. This dependence can be explained using cancelling
beam concepts. At a fixed jammer DOA, as the size of an array
is increased, the sidelobe structure of the antenna pattern is
squeezed towards boresight, so the jammer enters an increasingly

lower sidelobe level. The sidelobe gainvwith respect to




isotropic conditions}is decreasing in power Tlevel by IJN.

Further, the main beam voltage gain of the array is increasing
by/N. Thus, the ratioof sidelobe voltaae to the main beam
voltage is proportional to 1/N, as shown by the well known
pattern function for N element arrays with uniform illuminations.
The same sidelobe dependence of 1/N occurs for the cancelling
beam, so the net effect is a 1/N2 dependence of the cancelling
beam sidelobe voitage at boresight. This type of dependence
means that the boresight shift due to optimal null steering
becomes very small for far-out sidelobes in large arrays.
Therefore, the source of boresignt shifts is almost entirely
due to random errors.

4.3.2 Optimal Phase-Oniy Weight Nulling for Large Arrays

Extrapotiation of phase-only null steering to larger
arrays represents a more complicated situation. Analytic
expressions, such as that given above, are extremely cumbersome.
Simulation results show that the sidelobe structure of the
cancelling beam is approximately 3 dB higher than the optimal
complex weight cancelling beam. The boresight shift ervor is
strongly dependent on array size as is indicated by the resuits
of Paragraph 4.2.2. The dependence on array sSize using phase-
only weights is approximately the same as using complex weights
although the sidelobe levels of the cancelling beam for this
can be somewhat higher than for the complex weight. This
might be expected, since by forming two lobe cancelling beams
when using phase-only weights, there is a possibility that side-
lobe level of the twe iobe cancelling beams near boresight will
be 6 dB higher than the cancelling beam using complex weights.

It must be emphasized that for a "reasonable" main
beam sidelobe level of -20 dB, either type of cancelling beam
will be down -35 dB from the main beam peak near boresight,

45
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thus causing boresight shift errors of less than 0.015 beam-
widths. Since random construction errors may create amplitudes
of this level near boresight, they dominate the boresight shift
error even when the adaptive process is cancelling jammers at
sidelobe levelsof less than -20 dB of large arrays. A com-
parison betweena fully adaptive complex weight array and a fully
adaptive phase-only weight array is given in Table 4.3.2-1, for

the case of nulling a jommer entering at the peak of the first
sidelgbe.

4.3.3 Omni_ Canceller Nulling

A somewhat different and less desirable situation
arises when omnidirectional cancelling beams are used for null
steering. In this case, the cancelling beam has no sidelobe
structure, so the boresight shift error dependence on array
size is that of the sidelobes of the main beam (that is 1/N).
The magnitude of the boresight shift error for a given jammer
DOA is higher because the omnidirectional peam at boresight
is at lTeast 10 to 15 dB above the optimal cancelling beam.
This optimum cancelling beam is produced by either complex
weightsor phase-only weights. Because the level of an omni-
directional beam is independent of the jammer DOA, it is
possible to find the boresight shift as a function only of side-
lobe level to be nulled. This is plotted in Figure 4.3.3-1
using some simulation results.

4.3.4 Random Construction Error Effects

The group of simulations presented here calculates
the boresight shift due to random excitation errors across the
array. These random errors were introduced at each adaptive
weight, and the resulting boresight shift error was calculated.
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This process was repeated 30 times and averaged. The results
of this calculation are plotted in Figures 4.3.4-1 through
4.3.4-4 and consist of boresight shifts with random phase
errors, randcm amplitude errors, random phase and amplitude

errors together, and random phase and ampilitude errors with
null steering, respectively. William H. Nester has computed
the expected boresight shift due to these types of errors for
phase comparison monopulse arrays {Reference 2). His results
are also plotted on these graphs. The general result is that
the effect of these errors should decrease as the square root
of the degrees of freedom. The amplitude comparison monopulse
array simulated here had two phase shifters per element; the
number of degrees of freedom can then be considered to be

twice the number of eiements,

e e
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The theoretical results of Nester have been extended
to include two degrees of freedom per element, and are also shown

on the same graph. The agreement between the simulation results
and extended theoretical calculations is satisfactory although
the theoretical calculations are for phase comparison monopulse
arrays instead of for amplitude comparison monopuise arrays.

The cases of random phase and amplitude construction
errors with and without null steering are plotted in Figure
4.3.4-4, This figure shows that for eight elements the bore-
sight shift due to random construction errors and the boresight -
shift due to null steering tend to add. However, for the larger ii
array, the random constructior errors across the array , ?E
completely dominate as the source of boresight shift and there  3‘
are no significant contributions due to null steering.

It is possible to explain random errors with can-
ceiling beam concepts. The effect of random errors across an
array is to cause error-iimited sidelobes. These sidelobes
are usually 7airly low level, but they cannot be lowered
relative to omnidirectional gain by increasing array size.
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Therefore, their relative level with respect to the array gain
@ decreases as 1/N. The boresight shift error caused by these
random srrors might be regarded as being due to an omnis
directional beam at the level of the error limited sidelobes.
Although these sidelobes are low, the undesirability of an
omnidirectional. cancelling beam, as discussed above, means

; the boresight shift due to these errors could be relatively
targe. By interpreting Figure 4.3.3-1 as a plot of boresight
shift due to error limited sidelcbes, it car be seen that an

[ error limited sidelobe -40 dB from main beam will produce a

( boresight shift error of approximately 0.01 beamwidths. Also,

e

because the boresight shift error due to these construction
errors decreases only by the square root of N, it s the gomin-
ant source of error for large arrays, while optimal null steer-
/ ing effects become negligible except perhkaps for highest close-
f’ in sidelobes.

4.3.5 Main Beam Nulling

[

Finally, it is important to reaiize the Timitations
of null steering technigques in monopulse tracking. It is shown
3 in this report that if null steering is performed in the main
A beam of a difference pattern, the concept of having a bore-
sight rapidly becomes meaningless because of pattern distortion.
We have shown in Appendix B that thz first order expressions
for boresight error by Technology Services Corporation, ave not
useful for main beam nuil steering. However, it may be
possible in the future to rather accurately predict the main
beam distortions, and thus regain monopulse tracking even when
nulling in the main beam. S
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SECTION V
EXPERIMENTAL MEASUREMEM TS

This section describes the experimental ampiitude com-
parison monopulse breadboard and the monopulse nuli-steering
measurements taken to determine boresight shift errors due to

the null steering.

5.1 Description of Experimental Breadboard

The phased array used for the monopulse null-steering
measurements was a modified version of the 16-element phased
array used on the Null-Steering Feasibility Demonstration Con-

tract F33615-74-C-1100 from Air Force Avionics Laboratory (AFAL).

This breadboard was chosen for the monopulse measurements
pecause it was available, and also because it represents an
important class of fully-adaptive arrays.

5.1.1 Description of the Basic Phased Array Breadboard

A photograph of the complete breadboard array test
setup is shown in Figure 5.1.1-1. The test setup consists of
four basic components: 1) array chassis, 2) a unit containing
all compuvter input and output buffers, 3) Datacraft general pur-
nose compu.2r, and 4) ASR 33 teletype unit. The array chassis

components are shown in Figure 5.1.1-2.

The overall block diagram of the originally unmodified
breadboard array is shown in Figure 5.1.1-3. The antenna aper-
ture consists of a linear array of 16 C-band spiral antenna ele-
merits. The breadboard array was designed to operate over a
frequency range of 4.4 to 4.6 GHz. A phase shifter (phase
weight) located behind each antenna element was used to control
the main beam and to form antenna pattern nulls in the direction
of undesired signals. In order to obtain vernierphase control,
a 9-bit phase shifter design was utilized as shown in Figure
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5.1.1-4. Four of these bits were obtained with a digital phase
shifter and the remaining five bits were derived from an analog
varactor diode phase shifter through an analog-to-digital (A/D)
converter. The array elements were combined through a 16-to-1
power combiner forming the array RF output. The RF output was
then mixed down to 300 MHz, amplified and power detected. The
detected array output was sampled by the computer using an
analog-to-digital (A/D) converter. This digitized (12-bit)
output power was then used by the computer software as a per-
formance measure. The breadboard array was under computer
control with various optional manual inputs. The 9-bit phase
shifter commands were controlled by the computer through an
analog-to-ditigal converter and phase shifter drivers. The beam
space algorithm that controls this rray was discussed in
Section 4.1.1. '

5.1.2 Amplitude Monopulse Reconfiqguration of the Phased 3
The original 16-element phased array was a sing.2 beam ‘
array. It was necessary to reconfigure the phased array to have %,
a monopulse capability. The reconfiguration effort was quite %_
significant and required several months work. It consisted of ff
modifying the array network, constructing and mounting better '§i~

elements, calibrating and measuring all phase shifters, and

calibrating the power detector, as well as measuring a new phase-

error detector. It was also necessary to mount the amplitude

comparator equipment, and modify the digital control circuitry

that had been used together with the original phased array. In
addition, it was necessary to modify the control software for

the digital computer that would perform the null steering algor- /
ithm.

The original array was reconfigured into an amplitude
comparison monopulse array with a left and right beam. Each 8
beam consisted of an 8-element array, and 8 phase shifters,

LI
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summed together to form a beam. Figure 5.1.2-1 indicates how

the amplitude monopulse beams were formed. Eight elements were
shared for both the left and right beams. After each element,

a power divider split the signals into a component that would
form the left beam and one that would form the right beam. After
splitting, a phase shifter was used to align the phase of each
element for each beam, and then an 8-way summer was used to
combine the power for that beam. Normally, an amplifier would
precede the power divider to assure that no S/N degradation

could take place, but in this breadboard the S/N degradation was
accepted since itwas not a significant part of the experiment.

A photograph of the front view of the array after being recon-
figured for amplitude monopulse, is shown in Figure 5.1.2-2.
Although many array elements are shown, most are passive and
terminated in a 50-ohm resistance to ensure that the central 8
elements have terminated neighbors such as would occur in a large
phase array. In addition, some absorber is shown on the top

and bottom of the array. The absorber was used to reduce the
effects of reflections in the chamber and outdoor range where
measurements were made. Figure 5.1.2-3 shows a photograph of

a top view of the reconfigured array. To the right of the photo-
graph are the phased array elements, followed by 8 two-way
dividers that spiit the element signals into the left and right
beam components. Inside the main box, these signals are phase
shifted by the 16 modules shown in the middle right part of the
photograph. Following this, in the left part of the photograph,
there are the hybrids used for 8-way summation., At the top part
of the photograph there is the digital control equipment, which
consists of the D/A and A/D converters that interface with the
digital computer.

Figure 5.1.2-4 is the block diagram of the sum and
difference circuitry used for the monopulse study. RF left and
right beams obtained at the outputs of the eight-way power
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combiners are fed to nports 1 and 2 of a C-Band sum and difference
hybrid. The outputs of the sum and difference hybrid are down-
converted to a 300 MHz IF frequency. Band pass filters with a
120 MHz BW are connected after the mixers and, in turn, followed
by 27 dB gain amplifiers. The 300 MHz circuits are setup to be
used for amplitude or phase monopulse measurements. The ampli-
fied IF sum and difference signals are power divided three ways.
One set of outputs are used to measure sum and difference
antenna patterns. The second set of sum and difference outputs
are combined in a quad hybrid. This converts the amplitude
monopuise RF network to a phase monopulse output and allows a
vector voltmeter to be used as the angle detector for amplitude
monopulse measurements. The third set of sum and difference
outputs are combined in a sum and difference hybrid to reform
the Teft ana the right beam cutputs so that patterns could be
measured at IF frequency. The left and right beam outputs are
divided two ways. One set of left and right array outputs

are tfed to a recorder to measure the right and left antenna
pattern beams. The other set of left and right beam outputs
are used to feed the power detector circuit used for null
steering the left and right beams in Figure 5.1.2-4. The bean
space algorithm employs the total power detected of eithar the
left or the ~yant beam of the array as a performance measure.
The algorithm varies the cancelling beam ~2mplitude and phase
until a minimum in output power occurs, which indicates a null
formed toward the jammer. Only one power detecting circuit is
used., This power detector is an amplifier which has an AGC
voltage response proportional to the logarithm of the input
power. This AGC voltage is digitized by an A/D converter and
made availabie to the computer. The input to the AGC amplifier
is switched from the right beam to the left beam, depending upon
which beam is being nulled at a given time. A 10 dB gain
amplifier is used in both the left and right beam outputs. The
purpose of these amplifiers is to isolate the channels from
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reflections that might cause errors in the power detecting cir«
cuit upon switching between the right and left beams.

Extensive calibration of the equipment was performed,
and is detailed in Appendix E.

5.1.3 Control Software Development

The software to produce null steering in the bread-
board array was a modification of the main monopulse null-
steering simulation, previously developed, as described in
Appendix C. One of the major differences between the software
that is used for simulation of the monopulse array and the soft-
ware that is used to control the monopulse array breadboards
is that thelatter continuously controls the 16 phase shifters
while the former uses only 8 phase shifters at any one time to
perform null steering. The monopulse software in the breadboar?
array completes null steering on one beam, stores the resulting
jnformation and then uses the same memory location for nulling
the other beam. In addition, it was found that the software
controlling the actual breadboard array had to take into account
the beam coupling problem. For example, after the right beam
had been properly null steered, the left beam was then null
steered. In modifying the phase shifters of thc left beam in
order to achieve nulls, the beam coupling caused the null to be
shallower or to occasionally disappear in the right beam. Thus,
it was necessary to make several passes through each beam in
order to assure that nulls were formed simultaneoucly in both
beams in the actual breadboard array. The process proved to be
convergent, in that a few passes achieved good nulls in both
beams, which implies that the coupling was low.

A final, rather significant difference between the
software that controlled the breadboard array and the simulation
software is that complex beam weights were used in the software
that controlled the breadboard. It has been long known that,
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with random phase and amplitude errors in an array, the phase

of the sidelobe to be cancelled is random. Thus, the beam space
constant that is required to cancel this sidelobe must also have
an arbitrary phase capability. In contrast, for simulations not
empioying phase and amplitude errors, the beam space constant
can be a real constant, and need not have arbitrary phase. Thus,
for the initial simulations, which were developed without ampli-
tude and phase errors, the beam space constant was real. How-
ever, it was necessary to use the software developed for con-
trolling the breadboard in order to perform the final amplitude
monopulse simulations that are presented in Section 4.2.3
because the random amplitude and phase errors simulated made
necessary a complex beam space constant.

In parallel with the development of the beam space
algerithm software, the array-controlling software that controls
weights and forms the actual bits to control the puase shift
drivers was reconstituted using an earlier controlling software
utilized in previous contracts. Using very simple teletyped
inputs, the array was controlled with software in order to test
if the measured calibration corrections included in the software
were successful in producing a good steered beam, as measured
by the antenna patterns. Due to a relatively poor measured null
depth in the left beam, recalibrations had to be performed. The
final steered beam patterns were quite good, thus assuring that
the calibrations of the array errors had been successful.

The null steering software was then linked with the
array-controlling software in order to successfully perform
null steering. First, antenna patterns were taken both before
and after nulling for single jammer locations in several side-
lobes. It was clear from these initial measurements that the
usual antenna pattern or a 360° pattern scale could not be
used to measure the boresight shift in the monopulse pattern,
since this shift was too small to measure on the larger
scale. 4
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Thus, the expanded scale of the antenna pattern
plotter was used, to accurately measure the boresight shift.
The full-scale patterns show the various nulls being formed
and the general shapes and changes of the patterns before and
after nuil steering. The following procedure was developed for
measuring boresight shift:

a) The monopulse array was commanded with linear

phase shifts to form the left and right beams,

b) The antenna was rotated for a null in the ampli-
tude of the difference pattern, as indicated on
the expanded scale of the antenna pattern
recorder.

c) The vector voltmeter, as shown in Figure
5.1.2-4, was set to 0° phase shift (with the
antenna at this angle).

d) The null steering algorithms were employed to
simultaneously null the jammers in both the
left and right beams.

e) The antenna was rotated until 0° phase was ggain
indicated on the vector voltmeter to get the true
beresight null position after null steering.

f) The mechanical angie and the vector voltmeter
phase readings were measured and plotted.

g) In several cases, the difference pattern amplitude
was plotted both before and after nulling, on the
expanded scale of the antenna pattern plotter.

5.2 Measured Boresight Shift and Antenna Patterns

This section consists of the summary of the boresight

shift error measurement results followed by a discussion of the

corresponding antenna patterns.
5.2.1 Summary of Results

A summary of several of the most impertant and compre-
hensive boresight shift error measurements is shown in Table
§.2.1-1.This table summarizes five cases of scan angle and jammer

69




,06 3 Jduwwep-j340 pajulod weag but|tsouey I

€L = YyapLmweay

0
S3LON
¥900°0 0£80°0 pP4g apPs°LlL- 00¢€ o0E~ S
l10°0 om—.o p4g apPs 81~ owms oo ¥ o
puz 1s|
usamiag
£L00°0 oL’ 0 RWLULY ap6L- 4007 o0 £
$S510°0 ALY pug aPLlL- oSV o0 ¢
9€0°0 olt’0 1S gpPolL- ol? o0 L
<SUlpLmMueag po(LNN butagd ELER S LDUY 3Lbuy “ON
peuoLryoeay sasubag daquny 3qo|aplLs Jdawwep uedsg
2qo|ap!Ls us4aiiled ase)

T414S 2ybisadog

b

aouaJalilLg

ULLLNN us3ly Sjuduwsunsesapy 3J4Lys
p;mwmm;ommem>mmwo>;messm

3ouadatslg

L-1°2°§ 319vl




TR, T
A 5 .

angle that were investigated. The sidelobes level of the
difference pattern is shown in the table, foliowed by the differ-
pattern sidelobe numb>r that is being nulled (i.e., first
sidelobe, second sidelobe, etc.). Finally, the boresight shift
error of the moncpuise array is shown, both in degrees, and in
fractional beamwidths (where a beamwidth is approximately 13°
for the 8 element array). In each case, the array was preset
and zeroed before null steering. Then only the boresight shift
error resulting from the null steering was measured and
recorded, as discussed in the previous section. The cases are
presented in cpproximately decreasing order of boresight shift
errvor. The first four cases pertain to a 0% scan angle for

the main beam of the array, that is normal or perpendicular to
the array face. The fifth case is one in which the beam was
scanned off 20°,

The first case, with the larger boresight shift error,
had a jammer at the first sidelobe which was located 27° off
boresight. The difference pattern sidelobe Tevel at the angle
of the jammer wvias approximately -10 dB as shown on the table.

The boresight shift error (details of these measurements are
presented Tater) measured after nulling the jammer was 0.47° or
0.036 beamwidths.

The case, for this position of the jammer, (first
sidelobe) was discussed analytically in some detail in Section
4.2-2. The computer simulation used did not account for any
array or tolerance errors but yielded a predicted boresight
shift error of .6%. This case exhibits the worst shift error
due to the jammer's nesition being near the main beam of the
array. This means a high level of sidelobe must be cancelled
near boresight. This position of the jammer requires the canes
celling beam to be very near boresignt which, in turn, causes
the greatest boresight shift of any of the cases illustrated.

The second case, shown in Table 5.2,1-1, consisted n?
a jammer on the second sidelobe, occuring at 45° and at a -11 dB
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level with respect to the peak of the difference pattern. The
boresight shift error measured in this case was 0.2° or 0.0154
beamwidths. In this situation, a second sidelobe rather than

a first sidelobe was being nulled. Although the sidelob. teve}l
was still approximately as high as in the first case discussed
above, its angular separation from boresight was greater. The
cancelling beam, then, was also further removed from boresight
thus a lower level of cancelling beam sidelobe existed at bore-
sight. This explains the fact that the boresight shift error
was found to be less than half that of the first case.

The third case, in Table5.2.1-1,consisted of the jam-
mer existing at a relative minima between the first and second
sidelobes of the difference pattern (a relatively low sidelobe
level of -19 dB at 400). In this case, the sidelobe level to
be cancelled was lower than previous cases, and the angles of
the cancelling beam and jammer were in between those of the
previous two cases. A still lower boresight shift resulted,
due largely to the lower sidelobe level being cancelled. The-
cancelling beam amplitude needed was less. In addition, lower
cancelling beam sidelobes in the region of boresight resuited
in less boresight shift. One particular observation should be
noted about this case. The cancelling beam was not pointed
directly at the jammer, but off the jammer at 50°, even though
the jammer was positioned at 40°. This did not prevent can-
cellation of the sidelobe in the direction of the jammer, but
simply required a somewhat larger cancelling beam in order to
match the sidelobe ievel and thus obtain a null toward the
jammer. The boresight shift was quite small even with a
relatively large 10% error in the cancelling beam pointing angle,
which indicates that the tolerance of the direction of the can-
celling beam is quite high. Therefore, significant errors can
be made in this beam and still achieve good nulling with low
boreshift shift error.
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The fourth case in Table5.,2.1-1consisted of a jammer
on the third sidelobe, occurringat -66% and at a -18.5 dB level
with respect to the peak of the difference pattern. The bore-
sight shift was 0.13% or 0.01 beamwidths. 1In this case, both
the separation of the cancelling beam from boresight and the

low Tevel of the third sidelobe combined to yield a relatively
small boresight shift error.

The last case in Table5.2.1-1isone in which the main
beam was scanned away from boresight to -30°, and the jammer
angle was +30°. Thus, the separation between jammer angie and
the main beam angle was 60% which was similar to the previous
case. Again, the jammer was positioned on the third sidelobe,
but due to the relatively poor array properties of the bread-
board, the sidelobe level was higher than in the last case
(-11.5 dB). However, the measured boresight shift was less
than in the last case; 0.083° or 0.0064 beamwidths. The main
reason that the beresight shift was low must again be due to
the angular distance between the cancelling beam and the
boresight, even if the sidelobe level is considerably higher.
Thus, one can conclude that when nulling in sidelobes past the
first or second sidelobe, considerably less boresight shift

can be expected. This is exactly as predicted and discussed
in Sections 4.2.2.1 and 4.2.2.

In summary, it is felt that the above results are
quite encouraging for at least two reasons;

a. The actual worst case boresight shift, 0.036
beamwidths, corresponds to approximately 0.1°
monopulse tracking error for a 3% beamwidth.
A 50 element linear multiple beam array that
Harris built for the ICNS Program has a beam-
width of approximately 3% and a tracking
accuracy of 0.1° due to random phase shifter
and construction errors alone.
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b. This worse case boresight shift error resulted
from nulling a sidelobe tevel of -10 dB, which
is certainly unacceptably high for an opera-
tional array. The array tested was strictly
a breadboard non-optimized array with uniform
amplitude distribution for the left and right
beams. Although the amplitude comparison
monopulse array used produced fairly good
illuminations for both sum and difference patterns,
the design was certainly not optimized for low
difference pattern sidelobes. 1In the case that
a lower difference pattern sidelobe were nulied,
as would be the case in an operational array, a
much lower boresight shift error would be
encountered. The measurements made with lower
and further out sidelobes certainly indicate
that much Tower boresight shift errors are
obtained in these cases.
c. As we wiil show in Tater sections, a significant
portion of the boresight shift error due to null
steering can be predicted, and thus corrected with
open loop calculatiens. Therefore, by such open
loop "calibraticens™, still further reductioa in
boresight shifts due to null steering could be
obtained if required. Nevertheless, the previous
discussion has indicated that acceptable accuracy
can be obtained in many cases even without open

loop corrections.
A great deal of time was involved in each measurement
of boresight shift error since considerable manual switching
and data taking was required in this breadboard test setup.

Thus, due to the extensive time involved, only a few complete
cases were measured that included both boresight shift error
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b and detailed patterns for the left, right, sum, and difference i ;%
;é beams. These are discussed in the next section. 3
¥

% 5.2.2 Detailed Results

This section discusses the details of the measure-
ments that have been summarized in the previous section, and
presents certain other cases for which patterns wers taken,
but accurate boresight shift measurements not made.

The detailed data presented in Figure 5.2.2-1 s i
for the first case of a 0° scan angie and a jammer located at ' ﬁ;’
27°. Figure 5.2.2-Ta is a plot of the phase detector output '“g.
both before and after nulling the monopulse array. This phase §‘Zi¢
detector output describes approximately the slope from the con- A
ventional monopulse product detector or angle error detector.
The plot is of mechanical angle oh the abscissa and electrical '%j
phase on the ordinate. The plot is taken by varying the mech- y
anical angle and measuring the electrical phase with a vector fa
voltmeter as discussed in Section 5.1. The dashed part of éé
the plot always represents data taken before null steering. The ;
plot was constructed so that a 0% electrical phase occurred -
at 0° mechanical angle. The 0° mechanical angle corresponds . 3
approximately to the mechanical boresight of the array which is E
perpendicular to the array face. R -

Thus, this reference angular position should faith-
fully show the changes in the array that occur during null =
steering although it may not be exact in terms of mechanicai
boresight. A conventional monopulse feedback tracking loop
will approximately track the 0° electrical phase point, and thus

have an error of zero mechanical degrees as shown on the -

T e

“before” plot. After null steering, points were taken manually
foe the plot of mechanical angle versus electrical angle which
is also shown on the phase detector output plot. One can see
that the electrical 0° phase point which is tracked by the
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conventicnal monopulse feedback loop vccurredat approximately
+0.47°, which is a boresight shift error resuiting from the
null steering process. It was this value that was entered in
Table 5.2.1-1.

It is also worth noting that essentially no change
in the slope of the error occurred due to the null steering
process. Thus, in this case, the sensitivity of the feedback
control loop of the monopulse tracking circuitry was not
affected by the null steering process ~ince this sensitivity
depends upon the slope of the error curve.

Figure 5.2.2-1b shows the difference pattern of the

breadboard array plotted at full scale (i.e., i180° on the "

Towest angle scale shown on the chart). Approximately 1720

of the antenna pattern is shown. Again, the dashed 1ine shows
the pattern taken before null steering. The solid line is

the pattern taken after null steering. The pattern after null
steering clearly shows that the jammer at 27° has been deeply
nulled by nulling the sidelobe at this angle.  Note that very
1ittle boresight shift occurred in the difference pattern null,
However, the angle scale of this chart is too small to accurately
measure the boresight shift. It merely confirms that less than
0.5° of boresight error occurred. The precision measurement

of all boresight shift errors was done with the phase detector
output plot previously shown. Figure 5.2.2-1c¢ shows the
difference pattern taken near boresight on the expanded top
scale, of the antenna pattern chart. Approximately 140 of
mechanical angie is shown on this chart. Again, the dashed

lTine shows the null of the difference pattern before null
steering the jammer, while the solid line shows the pattern
after nulling the jammer. As usual, the 0° mechanical angle
was set before nulling the jammer so that it occurred at 0%,
as shown on the chart. This does not imply that the array was
perfectly aligned before null steering, but merely acts as a
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reference for the differential caused by the null steering
itself. As is shown, the shift in null is approximately one-
nalf of one degree, as was more accurately measured by the
phase detector output in Figure 5.2.2-1a. Unfortunately, in
this measurement, the synciro was reversed so that a "left"
shift in this plot is a right shift in the +72° plot. Note
that, as usual, the difference pattern does not necessarily

have a deep null, and thus is not used for actual tracking pur-
poses in monopulse arrays. The product or angle detector output,
as measured in Figure 5.2.2-1a, is used for all closed loop
monopulse tracking.

The next set of antenna patterns illustrated are those
corresponding to the second case in Tables§5, 2.T-1; that.of a 0¢
main beam scan and a 45° jammer angle. Figure 5.2.2-2a shows
the phase detector output for this case. It is clear from the
figure that less boresight shift error occurred, &ince the
shift of the electrical zero (the tracking point of the mono-
pulse feedback Toop) is approximately 0.2 mechanical degrees
or 0.0154 beamwidths. This boresight shift error js smaller
than in the previous case because the second sidelobe rather
than the first sidelobe was nulled at 45°. Figure 5.2.2-2b
shows the difference pattern taken before and after nulling the
jammer, again indicating qualitatively that the main-beam
boresight region of the antenna pattern was affected very Tittle
by the null steering process. Note that the sidelobes were
more significantly affected by the null steering process. In
particular, as is usual in phase-only null steering, the Teft
side of the antenna pattern raised somewhat as the right side
was lowered by nulling, due to the two-lobed cancelling beam.

In addition, we note that even the first sidelobe was consid-
erably raised by the null steering process. These sidelobe
effects become more significant when nulling a very high side-
lobe, such as the -11 dB sijdelobe nulled in this case. Especi-
ally with phase-only null steering in an operational array, such
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sidelobes are higher than desired. Much smaller changes in
antenna patterns were noted when nulling lower sidelobe regions.
Figure 5.2.2-2c again shows the expanded scale difference
patterr, confirming the null shift indicated and measured more
accurately in the phase detector output plot in Figure 5.2.2-2a.

A more detailed set of patterns for the same case
of nuliing a jammer at 45% with 0° scan angle snows the effects
of nulling on all four of the beams that are formed in this
monopulse array: the difference, the sum, the right, and the
left beams, respectively. Figure 5,2.2-3 shows this set of 4
patterns. This particular case was a separate run of the null
steering algorithm. The difference pattern is illustrated in
Figure 5.2.2-3a and the sum pattern in Figure 5.2.2-3b. Again
indicating that the left portion of the sidelobe structure was
raised by the action of null steering on the right hand portion
of the sidelobe structure. Very little change in the main lobe
structure occurred from null steering in the sidelobe region,
as was expected. Figure 5.2.2-3c shows the right-squinted beam,
One should recall that nulling was actually performed on the
right and left beams, not the sum and difference beams directly.
The sum and difference beams were then formed and, thus, had
the corresponding nulls toward the jammer. The sidelobe levgl
of the right beam actually being nulled was somewhat lower
than that of the difference pattern (approximately 17 dB below
the peak of the main beam). The original sidelobe structure
is seen to be considerably better than was indicated in the
difference pattern, as is usual in the case of difference
patterns formed non-optimally by combining two beams. Again,
the phase-only null steering action on the second right side-
lobe caused a clear raising of the second left sidelobe. This
would not occur with the use of compliex weights, but it is a
characteristic Timitation of null steering using phase caly
weights (as discussed in Section 4.2.2). Nevertheless, the
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“nta

right beam is preserved, with its main beam relatively
unaffacted and sidelobe structure only modestly altered by
the null steering action. Figure 5.2.2-3.c shows the right
squinted beam before and after null steering, again indicating
relatively little effect due to the null steering. In the case
of the left beam, a considerably lower sidelobe level was nulled
than in the right beam, and even less effect on the other side-
lTobes and main beam structure resulted. It can be seen that the
pattern structure at the left beam before nulling is somewhat
poorer than the right beam, indicating more uncorrected phase
5. and amplitude errors at least partially due to a poor phase
; calibration. Nevertheless, it was felt the beam was adequate
3 for performing the basic null steering tests. Finally, it should
be noted that both the left and right beams were measured at IF,
after having been reconstituted by pas<ing the sum and difference
i) channels through another sum-difference channels through another
in sum-difference hybrid. Thus, the patterns shown were not
actually obtained from the RF right and left channels, but from
the reconstituted right and left beams at IF., Slight errors in
reproauction of the ieft and right beams were expected from con-
siderations pertaining to the hybrids and IF networx used. These
\ errors, however, are not considered significant here since the
difference bheam and, particulariy, its shiff due to null

steering are the important quantities measured in these investi-
gations.

o
oy

T

AT

The sets of data to follow are very similar to the pre-
vious sets, and will be discussed in less detail. Figure
5.2.2-4 shows the third case of Table 5.2.1-1, that of 0% scan
angle and a 40° jammer angle. From Figure 5.2.2-4a very little
boresight shift erroroccurred (apprcoximately 0.10). The reason
that boresight shift error is low (as was discussed in Section
5.2.2) is that the jammer was brought in at a relatively low
sidelobe level (between the first and second sidelobes) as
indicated in Figure 5.2.2-4b. This is a plot of the difference
pattern, showing the jammer angle corresponding to a fairly low
sidelobe level (as siown by the dashed part of the pattern),
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nulled to a still lower amplitude- (as shown by the solid
pattern). Note, as was stated before, that the cancelling beam
in this particular case was not aligned with the jammer, but
was steered 107 away from the jammer at 50° from boresight.
Still, it can b. seen that null steering was accomplished with
© good accuracy, although significant sidelobe perturbations
occurred. These perturbations were mainly due to the higher
intensity of the cancelling beam needed since the beam was not

aligned optimally with the jammer.

Figure 5.2.2-5 shows the fourth case in Table 5.2.2-1,
that of a jammer at -66° with 0% scan angle. 1In this case, the
phase detector oﬁtput again showed a relatively low boresight
shift error. Figure 5.2.2-5b shows the difference pattern with
a jammer entering again at the relatively low sidelobe level
of approximately -18.5 dB. During null steering, relatively
small perturbations in the sidelobes and essentially no per-
turbation in the mainlobe direction occurred.

Finally, the fifth case of Table 5.2.2-1 is iilustrated
in Figure 5.2.2-6, that of a -30% scan angle with a +30° jammer
angle. Essentially no boresight shift error was seen in the
bhase detector output, {approximately 6.083° or a 0.0064 beam-
width). Figure5.2.2-6b shows the difference pattern with a
jammer positioned on the third sidelobe. Very little change
in the mainbeam of the pattern was noted after null steering,
as was expected. Figure 5.2.2-7 is a full pattern set of the
previous case; difference, sum, right, and left beanms,
respectively, similar to those previously discussed.

Additional data was taken that did not include
detailed phase detector measurements of the beresight shift
error, They are included here as additional data of interest
to show that other Jjammer angles wer% measured resulting in
very low boresight shift errors (similar to those detailed data
sets previously discussed.) Figure 5.2.2-8 shows the case of a

93
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toward this jammer wa% not destroyed by null steering on the

g

0% scan angle with a -48° jammer angie, and the corresponding

patterns. Figare 5.2.2-5 shows the case of 0° scan with a +53°
jammer angle, a caze in which fthe jammer enters, not at the
peak of the sidelobe, but off to the side of the sidelobe.
Since there existed very few Jow sidelobes in this array, this
was the optimal technique for achieving low sidelobe null
steering. 1In this case, the jammer entered the sidelobe climost
18 dB below the peak of the mainbeam, causing imperceptable
boresight shifts and relatively minor sidelobe variations.,
Figure 5.2.2-10-shows the set of patterns for the case of a
-51° jammer angle positioned at a fairly high sidelobe. Again,
relatively 1ittle boresight shift error was noted.

An important effect, for the purposes of null
steering, is thé coupling between the left and right beams.
This coupling is a more important effect in null steering than
is usually the case for simple mainbeam steering. This is due
to the fact that if one has steered a deep (and thus very
sensitive) null in one beam, altering the second beam has sig-
nificant effects through coupling on the first beam thus causing
a severe change in the originally positioned null. The next
two figurés illustrate measurements of this effect. rigure -
5.2.2-11 shows the right beam pattern both before (the dashed
pattern) and after (solid pattern) null steering the left
beam. The jammer was incident at -480, as shown on the figure.
The null tnat had been previously achieved on the right beam

left beam, however, significant variations of the other side-
lobes did occur. In oﬁher cases (for which we will not present
data) significant to serious degradation of the nulls on the
jammer occurred when nuli steering in tha other beam. This
became so significant that it was necessary to null each beam
successively several times in order to achieve deep nulls with
assurance in both beams. Fortunately, the mutual coupling
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between beams was small enough so that the process of successive
nulling was convergent. Figure 5.2.2-12 illustrates the mutual
coupling between beams, with a right beam shown before and after
nulling the left beam (jammer at 45°). In this case, very little
pattern perturbation was noticed. Thus, although it may be necas-
sary to account for coupling between beams whern null steering two
beams of a monopulse array, this effect will not be so overwhelm-
ing as to make the nulil steering process impyractical.

5.2.3 Comparison of Calculated and Measured Patterns

The object of the breadboard measurements was to take
sufficient data in order to assure an understanding of the
basic mechanisms of boresight shift error due to null steering
antenna patterns with a fully adaptive array. In particuiar,
it was desired to demonstrate that the magnitude of boresight
shift eriors measured could be predicted by simple thecry under
the assumption of a practical array null steered by controlled
phase shifters and an awareness of inherent tolerance errors,
Thus the measurements of a relatively small 8-element array
could be extrapolated to predict the behavior of & much larger
array under various null steering configurations. It has been
shown that the boresight shitts measured were small, indeed,
and are of the samgz order of magnitude as that predicted in
Section 4.2, In this section, we wisn to show that the basic
antenna patterns that were predicted by the simulations {as
shown in this report) compare with the measured patterns within
reasonabie approximation. It is only rarely *hat one attempts
to exactly calculate an antenna pattern (in the sidelobe region)
and compare it with measurements. Figuve 5.2.3-1 shows such a
comparison of tne calculated vs. measured pattern, for the first
case discussed in Table 5.2.2-1, that of a 0° scan with a 27°
jammer. This figure compares calculzted (solid line) and
measurer patterns (dashed iine), before null steering with a
digitally-controlled algerithm., As illustrated, most of the

)

118

A

L A AN
S R



) ) 9 . 2 1y & 2 sk, 7 0 N Lo 1 >, ¢ (..,‘ s 4M~ 4 24 '
£ Lroa MY S K T 0 - AR 4 B R U B REE R -
>
(sLbuy Aswwep Gy pue 9[buy ueds ,0) weag
pajuinbg-1427 ayj Bul|[NN 4333y pu® 94033g weag pajuinbs-3ybLy -ZL-z°2°G 94nbL4
.o.!m.ﬂ!w.to 0'.!0 LI B 3 a..”uu.o.!n o d&nluli-ﬂlwl.\ ¢ ) « ollo.lolu. o‘u\u.ﬂvzqo *u e 0 ¢ |r|. . T Mln c ni nipnhllluw.uAlllll [ a..cl
S R T 7 AR I CVY - I | 3
é G NI . 1 . . p | N . L.
. S . ; i Vi -l
PR . 4 . h. \ EEEEE LR .-.. 4. -
B R " / " IR -
U T I I o , N.\ ~ ‘ m.u.‘z. - .
Y L T YA
2 I R , I R
_ T L T g1 -
I IO M R T :
025 —4 * oz
) A2 ol e
" : {1 ,
T 11 : : / ¥ ) : .
—l] 2
R L3 5 . Ut L i L
gl I . i m :
LR ICT A g ’ . ”
«mw vz Travwiy t r
15 Sen
¢« v I 15104 e et z d
7 &onrruu:a
- DM —F A —— [ -
PP ta ot ensrnesagnsternsese0c ceeso0cccccoco0ceco080edaaaooorner o ..
s P . P AL . e M.( i e NG s P PNV L = PR TR N R N Lr\!\l /»w.r,,q




(2LEuy aswwep /2 pue 3ibuy uedss ,0)
BuLp|nN 9403}8g Suudljeqd D0UdUJILQ P33eLNDO|R) puUR pPIUNSEIY “[-£°2°G d4nbi4

.m.lu;.vo!h.hw €t 6 e o i < Wl.ﬂ.llu LI .ﬂlnluljl'..',.<6 - s..v o H.h olro Qt.n o aun_\llh.o'.l .. S . h vee o«:. e 0 0 ¢ 1!'4%”!.1.!«]«!0 ® v 0 ¢
[ K egr 573 9t KX It o %01 1
z .ku .%_ N 2t - ] K K4 . .%. v_
» i v
. 1} Y] s .
- 1 m } :
ot . _. m. ot
. HH J___ w H 1
s 11 ’__ B
“ o ‘4! £ 11 4 “.“ 1 5.
2 sf I »
g v {2 LS 1 ! g
- ri=r v T : | ==
1 - I t ‘ 1 m ] | H
g T 0] N
£
e 11 4 i f 02~
e Ve r] o
£ !&!. I  aman hﬂl! | \ T
W i \ ! 1 } 1 N m
A 17 —\3 .\_.I. in 4 s
' g i . (AL I} g
—_—Tr Y VIR 1 14
» A . /s | J ]
= z — - {4 f 1 4
P i
; ] 01 ' o
Pl T - !
) L S ol e 2 R okl 4 .4 — ..N -
QALY I~ WD — ONAVR RO (%
s h . s !
: vasuvd 7 ? _ =y T
r-.ﬂ-&o Ires2Q SYRYAIS » . _ - - > ——
TaAD H
.. auvINOID ot 5
[T 27 5 133200« d N ey mat ¢ - =
Auve ox weluive _ _ r o«-qwi ! ‘
Gl Lttt rraEssENLACEEROBRIRUG( oG LCCEERCCLCCCCERBSOBOT D . LELLO
» - . . 4 . -
E» =4 e S Ry e 4«.,H» Y e Y i i N ‘»»\..11,;9(» Bt oo o »m.sm N '»;N,._N. .




overall details of sidelobe levels as well as beamwidths are
close to that predicted although there is a significant shift §
of the sidelobe peak angies. It is expected that these

differences are due to inaccuracies in the calibrations, the

mutual coupling effects of the array which were not accounted

for by the theory, and the multipath uf the relatively

inaccurate antenna range that was used for the measurements.

Figure 5.2.3-2 shows a comparison after null steering toward ;
a jammer, for both calculated and measured results. Again,
many aspects of the patterns are very similar. although some
angular shifts of the peaks and amplitudes were noted. Never-

theless, it is felt that these comparisons show that the simul-
ations represent a reasonable facsimile to the real breadboard
setup.

Figure 5,2.3-3 illustrates a full set of patterns with
a comparison of measured vs. calculated results for the case of
the 45° jammer angle previously discussed in the experimental
section. Figure 5.2.3-3a shows the difference pattern and
indicates a relatively close correspondence betwean the cal-
culated and measured results. Figure 5.2.3-3b, the sum pattern,
shows a reasonable correspondence in the mainbeam, but some dis-
crepancy in the details of the sidelobe region. Figure 5.2.3-3c
shows the right beam, and a very anood correlation between the
caiculated and measured results., Figure 5.2.3-3d shows the left
beam and a relatively poor correspondence between measured and
calculated patterns in the sidelobe region. From this pattern,
it is clear that the left pattern is not known or calibrated as
accurately as the right pattern, and thus the computations of
this beam do not accurately represent the beam. The right beam
is a much more carefully calibrated and accurately known quantity. s
Since the left beam calibrations are not as accurate, the sum

beam calculations and to a lesser extent the difference beam
calculations do nct correspond as well to the messured beams.
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In summary, it is felt that the patterns illustrated
show that the computer simulations used in this contract have
a firm basis in the actual breadboard hardware that was
measured, and thus the extrapolations that were discussed in
Section 4.3 to larger arrays can be accepted with some validity. .
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SECTION VI
SUMMARY

In most cases, random construction errors in the
array cause more monopulse boresight shift error
than will be caused by optimal null-steering of

the siaelobes.

Nulling of close-in sidelobes (1lst, 2nd) can cause,
with most nulling approaches, more boresight shift
error than construction errors.

Mainbeam null steering causes severe boresight
shift error, and thus is probably impractical in
most cases. However, the use of a correction fac-
tor to compensate for this error is possible, if
required. Nevertheless, accuracy will greatl,
deteriorate with mainbeam null steering.

Using weights at each element in adaptive arrays
causes far less bovesight shift error than omni
sidelobe cancellers, especially when nulling high
close-in sidelobes.

Pattern decomposition allows first-order estimates
of boresight shift error due to null steering for
most null steering approaches. At least part of
the null steering boresight shift error can be re-
moved by using a correction factor computed when
the adaptive weights are known.

A1l errors tend to dimish with increasing array
size for fixed location of the jammers, so that
tracking accuracy using adaptive arrays is limited
only by the size of the array, as in the case

of ordinary monopulse arrays.
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APPENDIX A

ANALYSIS OF MONOPULSE ARRAYS ,
WITH COMPLEX WEIGHTS

GRS A Ok

' In this appendix we develop the mathematical expressions

g for the weights, output voltages and antenna patterns for an N

' element adaptive moncpulse array situated in an environment

consisting o7 a strong jammer and a weak desired signai. It

will be evident from this discussion the manner ia which the

algorithms decqmpose the adaptive beams into the sum of two |

beams. These are the beams generated from a conventional f

non-adaptive array and a cancelling beam. From this decom- ;

position the boresight shift due to the presence c¢f a jammer g

can be predicted. ;
Consider the adaptive monopulse array shown in Figure A-1.

The objective is to form a I and & beam in the borasight direc-

tion while providing spatial filtering on emitters located in

any other direction. For the case at hand we shall assume

that the environment consists of a narrowband desired signal

located at an angle & from boresight with power S and a narrow

band jammer located at an angle 8 from boresight with power J.

T T :W TS

% We shall also assume that there is independent uncorrelated
{ white noise in each channel of equal variance 02. Assuming
Y the array weights are complex it is well known that they can
§ be represented by the expressicns

W= R, Y 1 (1)
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‘ Dl = & ;1 - L, (3) )
’ ; | x
/ ' | *
~N-1 1 |
L. 2 . S :
z

represent tinear phase fronts across tha array. The noise
correlation matrix RN can be given in terms of the jammer power,
thermal ncise power, and the angle of arrival of the jammer

namely
. 2 *
RN = g°1 + JVV (4)
where
| T N=14, ]
eJ(_7~)e
N'3 A
_ —=)8 . _ 2
v = eJ( 2 y 8 = -5 Sinod (5)
M-
vl

with * representing complex conjugate transpose. Using the
matrix inverse lemma, we can uniquely solve for the optimum

weights yielding




.y

L2 -

2 " (6)
. - 12 ] - J/o Z(V 1)V
o] 1+NJ/ o
L
i *
) 3762 (V1) (7)
NA - ? Dl - """'"""2
o° 1+NJ/o

.

Hence it is evident that the weights can be viewed as the sum
of the ccaventional monopulse weights plus a perturbation. That
is

4 *
_ 4G 1 - 36t V)Y
Wo o= We 4 sw. =41+ ““L‘“Z‘ ,
o of ~ (1+NJ/0 > (o)
c 1 3/et (Vo)
W, = W> + §W, = ~, D] +] L9 . g
A A b2 - <]+NJ/02 ) (9)

In each case the variation in the weights is preportional to

the angle of arrival of the undesired signal V. Similarly

the antenna pattern can be viewed as the sum of the conventional

plus an additional pattern which generates nulls in the direc- ‘

tion of the noise sources.

To demonstrate this effect,consider a unit power point
source whose direction of arrival £ varies from -180° to 180. 1
Holding the weights fixed, the output voltage due to tnis unit v
source generates the antenna pattern which is given by ’




v (E) = (gt v o)t = v+ oy (10)
vele) = (0,0 v ) Te = vt e oy (11)

where -ej(ﬁ%l)g%g Sin 7
. (12)

S N=1y 27d oo 7
Le-J( 2 ) y Sin & |
Substituting the expressions of the weights into those describ-

ing the antenna patterns,we see that

b \iv eyt
R - /o )(v V1) (13
=10
78 = 1,07 (]+NJ/02
4 \v* ey vt
A * o (z_9/s" NV EN(V D) (44
= - ] > T a
78 = Lon e« (1+NJ/04)

The first term in the above expressions represents the con-
7entional I and A patterns whereas the last term represents
the additional pattern necessary to make

D>
~—

0 (15

o]

8

This is easily seen by letting £ equal to 8 resuiting in

) =0 (16)

P



- e

v (8) = La*v +(‘__'id_/_°.i2_> (V1) =0 (17)
S2(1

2 1+NJ/a
v (8) = Lyo1)*y ("= d/e"\(V'1) =0 (18)
A gt - 14N/ 2

where we have used the fact that V*V=N. Hence we see that the
total pattern consists of the conventional pattern plus a
variation. For a linear array the variaiional patterns can be
written in the form :

~y . = Jlg? C,%y Cin N/Z'EZQ} (19)
85 (&) = Tagi797 ¥y (8) STn172(E e
cw ;o - = 3]0  Cyay Sin M/2(E-6) (20)
8 (£) = Temo7o7 Ya (8) STni/2(E58)

We note that the variational patterns consist of an amplituce
g;: N&position centered on the jammer. It is the side-
Tobes of this pattern that cause the boresight shift of the
difierence pattern. The closer the jammer the more likely a
large shift will be developed. An estimation of the shift is

easily accomplished by the following expression

scanned

sy, (0)
~ A Volts -
hn® — VoTts/Rad -~ rad (21)
dg

which for a linear array can be written as
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cinfNOYJN-1 Sin N+1 0-N+1 Sin N-1 0}
- J/g bin(-){~—— ——— e >
; an(RADIANS) = TiNd/g_ \¢ /t 4 & 4 2 __i
£ ol (N2-1) Sin®0/2 (22)
12

Ncte that for large jammer to thermal noise ratio's, the bore-
sight shift (An) is inversely proportional to N3. Hence, for a
given jammer angle of arrival,the shift diminishes very quickly.
/ Figure A-2 illustrates the shift in the boresight of the dif-
ference pattern as a function of the angle of arrival of the jam- ;
mer for a five element Tinear array. The solid curve depicts '
the shift predicted from the previous equation while the squares
i1lustrate the exact shift. We note the approximation gives
f very good results after the jammer has moveu outside the main
lobe of the sum pattern. For those angles which are inside
the main lobe,boresight shif* {s a meaningless quantity since
the difference pattern is na longer a useful tracking parameter.
Given the representation of the antenna pattern as a
function of the jammer parameters,we now direct our efforvs to
develop expressions for the signal, jammer and noise voltages
from the sum and difference weights.
For the desired signa1,the voitage out of both arrays is

given by

= o —
4 S U e S i T

T YT

e

=

TR R

*
Vi a /S Wyt

11
A
| o |
[
~

. - 3/a? (v*1)(V*¢)] (23)
1+NJ /o

SRR [ 1) I S 1% (v o) (vie)]
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where the vector £ represents the phase front generated by the
desired signal namely

T N=1, 21d Sin ¢ :
eJ( 2 ) A
r = : (25)
M-1, 2ud Sin ¢
LE-J( 2 ) A N

Again we note the decomposition is evident in these expressions,
that is, the voltage due to the desired signal is the sum of
that due to a conventional array plus a term due to the per-
turbed weights,

Figures A-3 to A-4 illustrate the magnitude of the signal
voltage in both I and A channels as a function of the angle of .
: arrival of the jammer., 1t is of interest to note that although
the desired signal is on boresight its output is not necessariiy
zero in the A channel. From Figure A-4 we note that it starts
at zero and then increases to a maximum when the jammer is at
i 10° and then falls back to zero. Hence, if these patterns
E alone were used to track the target, there would be considerable

i error until the jammer was well outside the main I lobe.
The expressions for the jammer are similar and are given

f J * r T *
i Ve = WO W, V= VT 1Y - NJ/g? (V1) 26 '
. L > 32[ T+NJ 762 (26)
1 Lo a'ly ;
“' 9" NI/ o2
:i J * *
i vy = /7 Wy Vo= 12 1T (Vv D1) (27)
o NVJ/o?
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The adaptive nulling feature is evident from these expressions
since we see that the output jammer voltage is inversely pro-
portional to the input jammer voltage. Figures A-5 to A-6
illustrate the output jammer voltage as a function of its angle
of arrival,

The average rms noise voltage for each pattern is easily
computed by obtaining the norm of the weights., That is

1

N * 2
VZ = O[NZ wz

= /N *
LA R TMIE 362 V¥ 2 a0 \|I®
I { ) [(HNJ/O ) N‘(TTNJ/O )]} 128)

and

-l
&=
i
a
—
=
&

*
=
S

ta

g

* * 2 Y
1 Y(D1) DY + [V DI|2[N J/c? \ -2 __J/a* | (29)
g {( SR | [ <1+NJ/0 ) 1_+N'J/5}}

Figures A-7 to A-8 illustrate the behavior as a function of
the angle of arrival of the jammer.
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APPENDIX B
MAXIMUM LIKELIHOOD ESTIMATES OF BORESIGHT ERROR

B1 Introduction X

It is well known that the presence of sidelobe interference
induces boresight shifts in nonadaptive monopulse tracking arrays
there-by generating errors in its tracking capability. 1In an
attempt to reduce this problem sum () and difference (A)
patterns are generated with an adaptive capability such that :
pattern nulls are formed on all directional interference imping-
ing on the array from directions other than boresight. However, ;
it is easily seen that these adaptive beams also vary as a 5
function of the external noise distribution, Hence, the error

e e

YT TRy o ST
" e———T

i
i

TR -

measure normally used to track (A/Z) will provide erroneous
angle information. Technology Services have recently devised

an approach utilizing the adaptive sum and differance patteras
such that if approximate knowledge of the angle of arrival of
the desired signal is known then a maximum likelihood estimate
of the error K(éa —ea) can be formed where € and e  are the
estimated and true angles of arrival with K denoting a random
variable, the expected value of which is positive. That is, from
the I and A beams an error function is generated that is sign
sensitive with zero bias which can be used in a feedback loop for
tracking purposes. One disadvantage of this technique noted
from our simulation is that if the jammer is inside the natural
sum beam the error estimate becomes very poor and may have

E incorrect sign information which will negate the procedure.
The next section provides a brief discussion c¢f the generation.

e

A L A NN N N o

TPETT

of the c<¢xpression used for angle of arrival estimation. S

B x
N g Riiiie i

B2  Procedure

Consider an environment consisting of a weak desired signal
and noise such that at any instant in time we may represent in
vector notation the signals in the array elements as

e~ it

7
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X =S + N

where
J S = bV(e)
. with b representing the desired signal power and V representing
. rexp (2w % €)
exp (4w % €)

exp (2nw % €)

-l

L.

with € denoting the angle of arvival of the desired signal
relative to the boresight of the array.

’ ) Assuming that all the noise sources are jointly Gaussian
the probability density function for the signal plus noise pro-
cess can be formed and is given by

-1 1

‘ Pix ]S+N) = (m)™" |R exp (X-b¥(e)) *Ry™" (X-bV(e))

1
where RN is the noise convariance matrix. To obtain an estimate
of ¢ depending on the data and RN we utilize those values of b
and € which maximize the likelihocd function. If we let

-1

Q(xlb,e) = (X-bV(e)) *Ry™ " (X-bV{e))

then it is sufficient to maximize this expression. Maximizing
this expression with respect to b reduces Q to a function of ¢
only namely

1 1

-1.12 -
X-(] X*Ry v JVFR, V)

Q(e) = X*RN”
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The maximum likelihood estimate & of ¢ can be found by finding
the value of ¢ which makes g%égllg = 0. The solution of this
expression is very cumbersome and requires many computations of

the parameters involved. Hence, the approach is to expand
Q(e) about the boresight angle. If e, denotes this value then

1
2
Q(e) = Q(el) + %g ) (e~ 51) + L %;% (e~ cl)2

€1
dQ

This quantity is minimized when e is zero, or
(8' 61) =QI/Q"°

Hence, for small errors in the angle of arrival, the above
expression provides a correction term so the optimum estimate
can be obtained. A variation of the above estimate is in fact
used by Technology Services namely

(e - ;) ¥ -Q'/EQ".

Expanding this expression in terms of the weights in the sum and
difference channels it can be shown that

(€ - ¢;) = [};1(7A+Kz)—1ﬂ2(1*wA+w21ﬂ//

WRW 1z Cow1Ta-1 W Eeue 1 o) 2
{2 W Ry Alzl -W,1TA-1 W, 22 z1|A|

*

20 R w1 1F
~2(W 1M, RyM =W, T W)

«*




and where D is the diagonal matrix

D = %1; diag {1,2,...,n).

From these expressions it is noted that the maximum likeli-
hood estimate of the error between the true and estimated angles
of arrival can be obtained from knowledge of the adaptive

weights on the sum and difference channels as well as the
It can be easily seen that if the

outputs of these channels.
external noise field is uncorrelated in each channel with equal

variance then the expressions for wz and WA are equal to the

usual weights for nonadaptive I and A patterns.

The following section of this appendix graphically presents
analytical results of this tecnnique so that it can be

more easily evaluated.

- g3 Results
For purposes of understanding the bekavior of the technique
described here we shall consider a five element linear array
and an environment consisting of a desired signal and one
jammer. The SNR of the desired signal over thermal noise is
assumed to be 10 dB where as the jammer to thermal noise ratio

is 40 dB. Figures B-1 and B~2 illustrate the conventional £ on A
We note that the beam width

p.tterns from a nonadaptive array.
If a jammer is present then

for this array is approximately 20°.
the adaptive circuitry modifies the patterns so that nulls

are placed on the cirectional interference sources. Figures B-3
throughB-28 illustrate the behavior of the ¥ and A patterns as

the jammer is moved from 5% to 65° in increments of 5°. From
these figuvres it is evident that the presence of the jammer
significantly modifies the shape of both patterns near boresight
whenever tne jammer is inside the main beam of the unadaptive
array sum pattern, which is on the order of £20°. The difference

147

:‘7&,5;,{)@

el G e o it oo L
b EIRE R A e L A ':2?.‘\‘!3\3’:,5}%_@;!‘ PRy . L

ey g, ‘e
ot o v G B

e,

w,
"

PO W

#

g
I her i,

B,

o

EC PN

coi et

B tend o bend

LV 259




pattern 1s perhaps wmost sensitive to the jammer angle of arvival.
We note that it is almost totally destroyed when the jammer has
angle less than 159 relative to boresight. The eratic behavior
of the difference pattern when the jammer is located in the

main beam has an undesirable effect on the estimator used to
predict the angle of arrival of the desired signal. Figures

B-29 tnrouah B-37 illustrate the estimate af the true anale of
arrival when the target is estimated to be on boresight as a
function of jammer angle for various values of ﬁ. The magnitude
of the estimate is related to the angle of arrival via

A 3
¢ = Sin @

In our simulations it was noted that the estimate of the
true angle of arrival was relatively accurate for errors of a
degree or less provided the jammer was located outside the main
sum pattern., The sign of the estimate was corvect for all off-
sets again provided the jammer was located outside the sum beam.
Hence, the technique proposed by Technology Services appears
useful provided the jammer comes in a sidelobe of the N pattern

and also provided the technique is used in a feedback fashion
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APPENDIX C

COMPUTER SIMULATION PROGRAM FOR ADAPTIVE
MONOPULSE CALCULATIONS

Cl General Model Description

This section describes the basic models and assumptions used
by the computer program. Also discussed are the advantages and
limitations of these models and the assumptions they were based
on. Als+w discussed are the model properties that significantly
impact computer system simulation.

Cl.1 Array Geometry

A one dimensional Tinear antenna array with A/2 element
spacing was used due to the computer memory limitations. The use
of a Tinear 1D array allows storage requirements for trne complex
cross-correlation matrix necessary to model wideband signals to
be reduced to a single row. Ffor a 100 element array, storage
requirements can be reduced from 10,000 cemplex numbers to 100
complex numbers. Thus, tnis geometry choice allows modeling
larger arrays than would otherwise oe possible. This is
especially true for this study where computer time was free but
memo.:y was limited to 32K.

‘ Additionail arguments can be made for this choice. There

1 was a need to control the large number of possible independent

’ variables to a reasonable number. This model is both general

and allows direct control of the effective aperture width througa
i the number of elements. Effective aperture dimensions in turn
directly relate to angular resolution and are thus fundamental
array variables. The focus of this study was adaptive array

; performance relations and sensitivities to general parameters

: rather than analysis of specific array configurations. [Ii should
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be stressed, however, that civen sufficient computer storage for
the associated cross-correlation matrices, arbitrary array
geometries can be analyzed.

€C1.2 Jammer and Target Geometry

The target and all jammers are stationary, far-field, and
coplanar with the antenna array. It should be noted the choice
of a 1D array geometry precluded any analysis of elevation per-
formance or sensitivity. As all emitters are in the far field,
received signal phase is not influenced by range but is only
function of direction of arrival at the array. Range dces effect
received signal strength but it was felt that received in-band
signal power was a more fundamental parameter. Thus, target
and jammer ranges were indirectiy incorporated into an in-band
signal strength parameter-. It should be noted that the inter-
action cof array etement patterns including mutual coupling
effects and directions of arrival also influence in-band signal
power. This complication was ignored due to its complexity. In
essence the array model had idealized isotropic elements with no
mutual coupling over the bandwidth. Thus jammer and target
tocations were reduced to a fixed angle of arrival and an
influence on the received in-band power specified by the user.

Cl1.3 Signal Modulation

The target was assumed to use biphase PSK modulation of a
known carrier. The bit period (i.e., data rate) is specified
for signal simulation. Bit timing was assumed to be unavailable
despite the possible presence of a modem bit sync. These ergodic
assumptions yield a stationary ernodic stochastic process which
allows a stochastic ensemole average to Lr used by the simula-
tion. The baseband signal model is the Random Binary Signal*.

*See Papoalis, Probability. Random Variables, and Stochastic
Processes, p.294.
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It is also implicitly assumed that the index of modulation is
low so that this baseband signal model is appropriate. At a
high index of modulation significant amounts of aliasing occurs
that is not accounted for in the baseband model.

This model aoes not allow simulatior of signal processing
gain. The control algorithms were restricted to the class of
power suppression algorithms with constraints. Further,
ensemble averages are equivalent to an infinite sampling period,
i.e., infinite filtering, i.e., no jitter. Thus the basic model
is not directly applicable to transient analysis or dynamic
tracking capability assessment where the jitter due to
finite sampling periods is an important factor. To remove this
restriction jitter was artificially introduced as a zaro mean
Gaussian process with a user supplied sigma when needed.

Cl.4 Jammer and Noise Models

Al jammers modeled were constant amplitude noise jammers
using biphase modulation with the same period as the target and
at the same carrier frequency, i.e., with a signal spectrum
identicai to the target. Further alil emitters were assumed to
be uncorrelated, i.e., the jammers ave all incoherent with cach
other and the target. This assumpiion allows the total signal
cross-correlation matrix of tLhe array tc be computed as the sum
of independent signal cross-correlation matrices plus a cross-
correlation matrix due to thermal noise. Thermal noise is
modeled as white noise. This total cross correlation matsix was
used tc model array performance. The individual emitters c¢ross-
correlation matrices were used to analyse individual emitter

contributions.
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C1.5 Array Filter Mode)

Each array element was assumed to have an ideal bandpass
filter. As the signal spectrum is modeled at baseband these
filters are modeled as ideal low pass fiiters. No other filter-
ing was .ssumed to be present. The basic signal auto-correlation
equations are presented below:

—
LPFJ 4
_ I
Re(c) = Ag (1 - L), g <7 (1)
where AS is the signal power and

T is the bit period

2 .

EET-COS (nBg) +

1 &os m8(z - T) + Cos wB(g + Tﬂ
BT J

where B is the filter bandwidth and

S1 is the sine integral
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C1,6 Circuit Dispersion Model

No circuit dispersion was modeled. While circuit dispersion
does dominate time of flight dispersion, it is complicated and
varies with actual hardware.

C1.7 Stochastic Power Model

The total signal can be viewed as the sum of the signal
present at each antenna array element cimes a complex weight
that is a function of hardware. The amplitude of this complex
weight represents amplitude weighting function. In our simula-
tions this is a fixed number representing an amplitude taper
and fixed hardware errors plus a smail variable term dependent
on phase state. The phase of the complex weights represents
hardware implementation of phase commands from the tracking'

algorithm. Therefore:

*
P=€T s =G st s, (3)
S B BT

> >
P =W <s:s WY (4)
where
* S 5 S* S L . .
= ] + ﬁ RS'(CiJk) i=3] (Sb)

where i and j are indices on the array elements and k is an

indice on emitters.
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Note that .Equation (4)'shows the average stochastic power
is. a function of a complex weight—véctor representing the array
hardware including tracking phase commands and a cross<
correlation matrix representing the emitters, the array element
geometry, and array filtering. Equation (5a) shows that the
cross-signal correlation between array elements can be
decomposed into a cohtribution from each emitter. These
contributions in turn are found by plugging the time delay
between the two elements, Cij into,the autg-corre]ation function
modified by the array filtering, R .

Cc2 Sum/Difference Networks

Four sum/difference power combiner networks were used to
test various phase weights hardware implementation structures.
The first -.consisted of separate networks for the sum and
difference beam, each having a fixed amplitude taper. This
allowed independent investigation of the adaptive process for
the sum and difference beams, The second network was a phase
comparison system with a uniform aperture illumination. The
third network was an amplitude comparison network, again with an
uniform aperture illumination. The fouyth network was an
improved amplitude comparison system having a fixed amplitude
taper that allows better side lobe control of both the effective
sum and difference beams.

€2.1 Independent Networks

A functional diagram of the independent sum and difference
networks is shown in Figure C1. Note that each element has two
fixed attenuators and two variable phase shifters. Equations
(6a) and (6b) are the corresponding stochastic power equations.
Note that Wy and W, which are controlled by the tracking and
adaptive process algorithms are independent. Thus the adaptive

process for the sum and difference beam are decoupled.
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T This network allowed independent investigation of the oy

adaptive prucess for the sum and difference beams used for

a monopulse tracking. It was particularly useful for discovering
the difficulties of using a beam space approach for direct ! \qfh
] nulling of jammers in the difference pattern. While mainly of i f
theoretical interest due to implementation costs. it ais¢ ; !
allowed investigation of near "'optimum' amplitude tapers.
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Several were tried including a cosine square illumination 5 ¥
function. However, each taper required modification of the ]
FORTRAN code and consequently was not extensively used. The

importance of side lobe control through amplitude taper choice

is discussed elsewhere in this report. % -

C2.2 Phase Comparison Network B

A functional diagram of the phase comparison network *is ' ‘g,

é shown in Figure C-2 with its corresponding Equations given as 2?’
; (7a-d). Note that these equations show that the adaptive process -

for the sum and difference channels are coupled. In practice
the array was divided into two subarrays, with adaptive nulling

of jammers occurring at the output of the left and right sub- Ny
! arrays nrior to combination. Thus, two independent networks are | /ﬁ:
f used for adaptive control while the final sum and difference -
3 adaptation is coupled. f o
©wo % ©w % |
000 ( ':
¢1 Q ¢ gn ¢n+1 ¢00 O¢ gzn ‘ E ‘-;
L L

Left Subarray Right Subarray

b &l
Y

Figure C-2. Phase Comparison System
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| ~ed? n+1<i<2n

This network has the advantage of requiring the least hard-
ware per element (one phase shifter) of the four networks studied.
For a fixed number of elements it also has the poorest perfor-

mance of these four networks. It should be noted, however, 1 E
that the control 2lgorithm has only m degrees of freedom for a ' f?
m element array with this network. The other netwirks allow 2m - 35

degrees of freedom.

€C2.3 Uniform Amplitude Comparison System

A functional diagram of the uniform amplitude comparison : fﬂ
k network is shown in Figure C-3. Here there are left and right
: beams squinted to each side of the target as shown in Figure

C-4. The equivalent sum beam aperture illumirstion function is
# a sampled cosine function while the equivalent differaence beam f ‘g
aperture illumination function is a sampled sine function. The : ;
spacial frequency is controlled by the amount of beam squint. |
With an appropriate choice of spacial frequency these illumina-
tion functions yield good side lobe control of the sum and i
difference beams, respectively. . Y
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In practice the array was divided into a left and richt
beam, with adaptive nulling of jammers occurring at the output
of these beams prior to combining to produce a sum and differ-

ence signal. Thus, two independent networks are again used for

adaptive contrdol while the final sum and difference adaptation

is coupled.

C2.4 Improved Amplitude Comparison System

A functional diagram of the improved amplitude comparison

network is shown in Figure C-5.

The network is the same as the

uniform ampiitude comparison network with the exception of a

common amplitude taper.

Through the choice of the approximate

taper for a given squint angle, the equivalent sum and differ-

ence aperture illuminations functions remain sampled cosine and

sine functions, respectively, but of difference spacial

frequencies. An appropriate choice of these two spacial
frequencies further enhances side Tobe control,

1

3

Figure C-5.

T

bX

Improved Amplitude Comparison Network
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€3 Adaptive Array Control Algorithms

Two control algorithms were used in the study. Both were

' basically power minimization algorithms. One was a constrained :

' random search. The other was a beam space coefficient search.

Both use tracking information, The figure of merit in all cases
was the average stochastic power output of an identifiable ,

TN

j network or subnetwork.

/ C3.1 Random Search

g : A constrained accelerating random search was used. This ,

algorithm starts with the phase command vector generated by the
A random vector is then generated using a
This vector is added to the

[f there is no improvement the i

tracking algorithm.
uniform probability function.

present phase command vector.
If the figure of merit improved (decreases)

If after a previous improvement,

vector is reversed.

the step size is increased.
no improvement results, the phase command reverts to the previous

phase command and the step size is decreased. If no improvement
then occurs, a new random vector is generated. There is also a ;
constraint on how far the phase of each phase shifter can be

changed from the original phase command generated by the

W B

tracking algorithm.

It should be noted that this algorithm requires no informa-
tion about the jammer or any target information other than
approximate angular position. However, if the tdrget signal is

strong relative to the jammers this algorithm will reduce this

signal while ignoring the jammers. The amount of target signal
The

i loss is determined by the phase constraint jmposed.
constraint can be viewed as an M-dimensional box. Under this "
condition this algorithm will result in a phase command vectoy

e iy . n s S e

at one of the corners of this box.
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€3.2 Beam Space Search

This algorithm forms a cancelling beam toward each jammer.
It is an optimal algorithm in the sense that it results in the
smallest change in the sum beam pattern while nulling the
jammers. This algorithm needs the number of jammers present,
| their angular position} and the angular position of the target.
§ The magnitude of the cancelling beam needed is determined by
the side lobe level of the associated jammer. These levels are
unknown by the algorithm which searches for this optimum set of
f coefficients. There is only one solution, This algorithm also
uses the accelerated random search to search this coefficient
space.

When no jitter is present, this algorithm is equivalent
to a signal processing algorithm that maximizes the signal to
noise ratio. This algorithm cannot handle jammers symmetrically
located about the target when limited to phase only weights.
This constraint requires an asymmetric beam relative to the
target as shown in Figure C-6.

TARGET

N
g

(o}

S’ : \/‘ ®)
!
! |
Figure C-6b. Cancelling Bean

Figure C-6c. Additional Beam Due to Phase Weight Constraint
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Figure C-6d. Total Pattern After Adaptation

ca Array ‘Errors Modeled

The basic prégram'without array errors was modified to
allow model verification by combarison with experimental results.
To achieve verification it was necessary to model quantization,
fixed errors in line phase 1ehg£h, fixed amplitude imbalance
errors, variable amplitude errors associated with phase shifter
state, and variable phase errors also associated with phase
shifter state that were found in the experimental hardware.

The majority of these errors had to be measured in the
experimental hardware. These measurements' were then used as
data by the verification program. It should be stressed that
the control algorithm does not have access to these measurements
with the exception of the fixed errors in line phase length.
These measurements are used only to convert the control algorithms
phase commands into actual complex weights representing the
hardware including these errors.

C4.1 Quantization

The phase shifters used consist of a 4-bit/16-state (22.5°)
p-i-n switched transmission 1ine phase shifter plus a varactor
phase shifter controlled by a 5 bit DAC. The varactor is a nor-
linear phase shifter, however, the varactor was modeled as a
linear phase shifter quantized to 0.7°.
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€4.2 Fixed Line Phase Length Errors | i "i‘; |
4 b g

e

: ‘ - The phase length between the elements and the amplitude i
' : cgmparisbn network output is different for -each element. It is ‘ f
- assumed that the relativé phase lengths have been measured and " §,
are knawn by the cortrol algorithm. The phase shifter control i

, algorithm gbmpensates for these differences by modifying the
f_ phase commands from the adaptive control algorithm. Thus, the : |
‘ direct effects of these érrors are compensated. However, f 3
this compensaticn can effect the p-i-n phase shifter states.
These states in turn determine the variable amplitude and phase

% . errors encountered. Thus, these fixed Tine phase length errors

: indirectly effect the variable amplitude and phase errors. | «‘

C4.3 Fixed Amplitude Errors

The path from each antenna element to the output port has -
different VSWR's, power divider losses, amplifier losses, etc.
The total amplitude effect of thése differences was measured for

each path and the relative differences were considered to be ‘
fixed amplitude inbalance errors. - t ;
, -

C4.4 Phase Shifter Amplitude Errors : e

Due to VSWR effects each of the 16 p-i-n switched line phase %
shifter states has different amplitude losses. These relative ‘
losses were measured for each state and incorporated into the :
model as variable amplitude errors. - ' ‘4'

C4.5 Phase Shifter Phase Errors

Due to VSWR effects each of the 16 p-i-n switched line . 7
phase shifter states is different from a multiple of 22.5°, '
These relative differences were measured for each state and |
incorporated into the model as variable phase errors.
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C4:6 Phase‘Command Coaversion to Actua} Complex Weights

The phase ‘commands from the control algorithm are adjusted
to compensate for fixed phase length errors. These adjusted
phase commands are then quantized. The quantized phase command

are used to compute the phase state of each element's phase

shifter. The amplitude asscciated with an array element is then
computed as its nominal amplitude plus the fixed amplitude error.
associated with the element plus the variable amplitude error
determined by the phase shifter state associated with the
elenent. )The phase associated with an element is then computed
as its quantized value plus the fixed phase length error
associated with the element plus the variable phase length error
determined by the phase shifter state asscciated with the
element.

C5 General Simulation Technique

The following is a top level function description of the
simulation software sequence: a user supplied scenario is read.
From this cross-correlation matrices for the target and all
jammer(s) are computed. These are then combined with thermal
noise into the total cross-correlation matrix. The initial
phase commands are supplied by the tracking algorithm. The
equivalent complex weights for the unadaptive sum and difference
beams are calculated. These weights and the emitters cross-
correlation matrices are used to calculate the initial contri-
bution of each emitter to the total power.

Then for each independent network, i.e., subarray, left
or right beam, an iterative series of calculations is performed.
The actual complex weights, possibly inc]hding hardware errors,
are computed from the phase commands. Using these weights and
the total cross-correlation matrix the average stochastic power

201

Coo PR, LS. . - e n e e v o bAoA S An S e b e e m e ot

* s

. ’
e o st e e i B e 1 g A e o e
o -

\Eacc

e — s+ o Ar e 1k A ARt e o ot e S
N
ERYY PRI Pry
L

— o ———— e e




is calculated. This is then fed to the adaptive control
algorithm as the figure of merit. The adaptive control algorithm
then produces a new set .of phase commands.

When this adaptive nuling is comp1éted the best phase -
commands found are used to calculate equiv&]ent"weﬁghts for the
adaptive sum and difference beams. These wéights and the
emitters' cross-correlation matrices are used to analyze the !
contribution of cach emiter to the total power after adaptation. !
These ave compared to the contribution of each emitter in the i
unadaptive case. Then the adaptive sum and diffevence patterns
are plottad, Following this the boresight eivor estimator is
used on the difference between the unadaptive and adaptive
weights to calculate the boresight shift experienced.

et ety i e
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: APPENDIX O
. i . ,
s ACCURATE ‘BORESIGHT SHIFT -ERROR FORMULAS FOR
o : COMPUTER SIMULATIONS ;
3 ' This section will develop an expression for the boresight R
; i * error due to nuli steering.
& H The expression derived here was used in all simulations; ’
i : and was found to give a reliable estimate of the boresight shift.
: é The far-field antenna patterns for the -unadapted sum beam
’ ‘ (z(0)) and the unadapted difference beam (A(8)) are given in
é terms .of the illumination functions £(x) and a(x) as
i ¢ j(2wsin 8) x |
| £(8) = s z(x)e dx (1)
;- 1
i L :
: 5 s /e . ¢
p o a(8) = 5 a(e)ed(2msin 8) x4y (2)
, ; After null steering, the illumination functions z(x) and
?? g A(x) contain perturbations that can be written as
i s, , . 3 ’ ) !
. tl(x)eJYI (X) and tz(x)eJYZ (x) " The adapted sum and difference ;
8 : patterns can then be written as ‘
/G
4 ; . 1
B . /2 . . 3 . ia
_ £(0) = 7 x(x) ty(x)e’V1 (x) gi(2msin 8) x4, (3) ;
&1 -5 j
Lt % : — 5 ’
L 2(0) = 1 alx) ty(x)edve (x) I(2msin ) x g (4) t
-k W
i 1
: !
f Near boresight 2nsin (8) x is small and 5
1. ed (27810 8) X = 1 4 S(orsin (0) x) (5)
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p(x)t, ()edY2(X) (1 4 yemsin (0) X)) ax  (7)

By expanding the remaining exponentials, the adapted
patterns can be written as

L

5 :
z(0) = f Z(x)tl(x) cosyl(x) dx-sin 8 S 27 Z(x‘tl(x)
-4 =%
l’é
sinyl(x) x dx +j f z(x)tl(x) sinyl(x) dx +
-3
4
sin 8 f Zﬂz(x)tl(x) cosyl(x) x dx (8)
-4
% Y
A(B) = f A(x)tz(x) cqsyz(x) dx - sin 8 f ZﬁA(X)tz(X)
-4 -4
%
sinyz(x) dx +j [ A(x)tz(x) sinyz(x) dx +
-5
%
sin 9 fzﬁA(x)tz(x) cosyz(x) x dx (9)
-3

The sum pattern can then be written as

£(8) = A - sin 8B + j(C + sin 0 D) (10)
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L
XS

Z(x)tl(x) cdéyi(x) dx

Z(x)tl(x) sinyl(x) xdx

o}
u
n
=3
[N Yt

Z(X)tl(x) sjnyl(x) dx

o
n
S X

o 5
2 [ Z(X)tl(x) cosyl(x) xdx
i :

o
]

Similarly, for the difference pattern,

MB8) = E - sin @8 F + j(G + sin @ H)

where
5
E= S A(x)tz(x) cosyz(x) dx
-3
5
F=2r [ A(x)tz(x) sinyz(x) xdx
-5

A(x)tz(x) sinyz(x) dx

o
il
X = AT

A(x) tz(x) cosyz(x) dx

s o)
if
N
=
X X

(13)

(14)

(17)

(18)

(19)
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The output of the product detector is

£(0) |°

The boresight error is the angle which drives the product

detector cutput to zero:

P(€) = 0 = Z(e) . jg(e) (21)
z(e) ’

Expanding this expression,
Re(Z(e)) Re(ja(e)) + Im(z(e)) Im(ja(e)) =0 (22)

Expanding (22) using (10) and (15} gives a quadratic 1in

sine:

sinle (DF - BH) + sin e{AH + CF - BG - DE) +

(AG - CE) = 0 (23)
Letting
Z, = DF - BH (24)
Z, = AH + CF - BG - DE (25)
Z, = A6 - CE (26)

the boresight error is expressed as

( 2 )l

-7 + (Z - 472.2.)2

. 2 173

sin,= 55 (27)
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To calculate thé boresight error, the illumination functions
£(x) and A(x) must be known. The right and left beams are
linearly phased, and their far-field patterns can be expressed

. as

l/Z -1 3 3 ’
| Al(g) = f e dox eJ(21rs1n ) x dx (28)
§ -k
11 % jax _j(2msin 9) x
AT(0) = S e e dx (29)
-4

where o is the electrical squint angle. Then

It was found that (27) was not convenient for computational
purposes because of round off errors, so a simplified expression

I

waé developed. Recalling (27),

s £(6) = At(v) + Att(0) (30)
‘ “ a(e) = Ale) - all(a) (31) %
and '
¢ j(2wsin 8) x !
£(0) = Jj 2 cosaxe"’ dx - (32) :
[ ..!5 i
’ .
5 5(2msin @) x =
’ A(0) = S (2] sinax)e dx (33) }
. -5 b
% L
The illumination functions are then |
i
T 5(x) = 2cosax (34) )
! Yo A(x) = 2jsinax (35) [
’ ) |
i
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Letting 42123/222 = x, and expanding about x = 0, . :
T ) N
S 1 -x2%1-x/2 (36) . .
; i then - N
- . “Zo ',
‘ sine = 57; (1 £(1 - x/2)) {37) ;
| For :the positive root, ;
a -2 f
; sine ¢ 7z, (2 - x/2) (38) ;
% f This root was found in all cases to be greater than one and i
ﬂf hernce unphysical. The negative ront of (37) is v
= l
E -1 22,1 -7 =
| . 4 173 - 3 ‘
; 1 22 2 :
’ : This root was utilized for computational purposes. 3
i ;
3 ! J
% ; i
| x
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APPENDIX E
BREADBOARD EQUIPMENT AND CALLBRATION MEASUREMENTS

E1- Bench Calibration

E1.1 Phase Shi-fters

A 9-bit phase shifter design was used in this program to
provide vernier phase shifter control. The 9-bit phase shifter
is derived from a 4-bit PIN diode digital phase shifter and an
analog varactor phase shifter. A D/A convertér is used to pro-
vide the equivalent of 5 bits of phase shift.

The insertion phase and amplitude of the phase shifters
was measured on a Hewlett Packard 8410 network analyzer. The
ﬁhase shifters were bench checked to see if all the circuits
were working properly and to make necessary vepairs. Table
El1.1-1 is the insertion phase of the digital bits for the 16
phase shifters. Table E1.1-2 i§ the amplitude insertion loss
for Several phase commands. A1l analog phase shifters were
allowed a 280 minimum to maximum phase change. Figure E1.1-1 1is a
plot of the control voltage on the varactor diodes versus measur-
ed phase shift of circuit number 3. Figure E1.1-2 is a plot of
the commanded phase versus measured phase of circuit number 3.
Three circuits were checked using the same phase commands used

on circuit number 3-all circuits were found to track to Tess than
0.30 error.

E1.2_Array Reflection and Coupling Coefficients

The 16 element archimedean spiral array was measured for
reflection and coupling coefficients using the Hewlett Fackard
8410 network analyzer. Table E1.2-1 is the reflection co-
efficient measurements, referenced to the element input
connector. Table E1.2-2 s the coupling coefficient

i om G - - e - - - - - a- - "
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? @
, 9 BIT PHASE SHIFTER ?
: INSERTION PHASE g
CIRCUIT BIT )
NO. 1 2 ‘ 3 ﬂ 4 ; {
1 183° .95° 50° 25 .
| 2 186 84 S - S 25 f
% 3 184 93 47 25 ?
: 4 186 93 46 27 :
s 8 183 94 Y 24 :
o 9 186 93 a7 © 2 ,
o 10 185 93 a5 22 *
»og 11 185 93 46 23 ;
12 183 93 46 25 , 3
13 183 90 45 24 S
. 14 183 92 46 23 T
v 15 86 - 93 a7 - 23 .
16 186 93 47 25 ;
17 184 93 .47 23
e 18 185 93 49 26 ‘
1 19 183 92 46 25 !
Eo
i !
| 7
Table E1.1-1. Digital Bit Phase Shift {

Bench Galibration




- P i e T ¢ U, )
' 5, - A =
L - N
B &
i: = -~ i
K e I 4] -
=0O
— A
¢ > < . < .
< Z O Nl O W W W WO WIMMN O MN O WMNSs OO
= < [oe} . B . . . . . . . . . . . . . . .
- ~ N MmN N NN NN NN N NN NN NN '
5 . . .
N ‘: - o » O
y N o NN 000N O NV LWL W W W
. o™ o . N . . . . . . . . N . . . N o
- M. gt MO MmO MMM N NN MM MmN M ) !
» . ; S\
. ) ‘ (@) . Iy f
; W ™M W W YW OoON O N VG W I < 0O W Y )
T Lol ’ . . . . . - . . . . . . . . . o= H
. M S+ MmN G M MM MMM NN m = .
wy P
, by
o w ',;
Ol &+ O g A g N M OO WS O W O ) .
o ™~ . - . » . . . . . . . . . . . . [1+] ] .
w PN R S 2 T 22 T 2 TR o2 TR 02 T a2 T M a2 T o K 22 T 32 T .2 R oN N Vo SN oV = .
= o
) : w o
* — o 4 2
- x 0wl 0 MmN T OmmL NS V™M MmN o g
v w N . . . . . . . . . . . . . . . .
‘ N1 I T 0 T 32 B 32 2 Tk T T e T2 T 02 T 0.2 T o0 K o P I = LY o ) ()
- Ll [7,) .
: ‘W o« .
< (o) w0 -4 0
po o o 0 <t O T IO M O W < W W M N g N < —
; QL 0 . . . . B . . . . . . . . . . . [t R} o
: = o m m m M MO St N M MmN MMM T M owm ! .
' ' = -5 .
! — .0 ' .
o [as] o Se o . .
: 7 [ S Y« I Ve TN « ) NN« 5 SN Vo B~ ) NN ¥ o NN o o TR oS o S« ¢ T o S N R Q- .
L N w . . . ) . . . . . . . . . . . . [7: 31+
- . Py -l M NN NN NM N M NN NN N oo ’
i Ca) - .
' = < .
! (o) ¢ o ‘
n W AN BV OO W O N VW 0O NN T = oo
[7,) o™ . . . . . . . . . . . . . . . . S o .
o -l M NN NN MM NN MmN M N W N L m oo
a —
s ~— ’
= w Q. ! . .
. o o NN WO SN O RN NN N OO0 MY S £ )
§ (o) o . . . . . . . . . . . . . . . . <
- o <+ o NN o~ (U oV N ™M MmN } -
B ¥ o o
P N ul . .
g 7 (o) A M N W W N N M MmN w cJ , 2
N = r~ . . . . . . . . . . . . . . . . 1 ! 9%
— W] N NN NN NN NN NN NN NN N — e
. .
: — |4
H wn SX] ! :
i o OO ™M Al W W MM WS <MD O NS O i 3
- - [Te] . . . . . . . . . . . 3 . . . . 2
: Sl N N NN N N NN NN NN NN NN 2 } &
- 9 ;
! o n ™M o W MW 0 W T O T MO o b
N . . . . . . . . . . . . * . . * l-. ! -
N NN NN NN NN NN N NN oA
» L
fe N T2 T S I Yo TR S Ve N o N Vo B Vo B = o ™M v ™M f R/
(@] . . . . . . . . . . . . . . . - >
Ol oV o 4 NN NN NN NN NN N NN i s
b= I
D e |
QO m N O & 00 OV O = N O < D O N 0, i .
X = o T e T s T T s BT o T e B o B o 3
—t 7
(&) i
t i *
- v
211 [
i .
1 . -
‘ : B
. 2 ] 4
= %; i ¢
. A
i £ L ) { s '
al S T T




J ‘ v X ,ct‘ . .‘ |.v§. R - * -‘ 5 - N . , ¥,
e ; Ty A e AT R ; i T o T :m,:sis
wy
e e o e v e VYA -~ - - - ke sw = e . - - e A et - . — - ~ - / ’
{ . o ; - . A
*(g# 3LNd4id) 23LYS aseyd °sp dabeg|op
[043U0) 403DBURA 493FLYS dSeyd bojeuy [-1°13 24nbBt4
. SITOA
0 S ol Gl 0Z T4 o€ Ge oy
_ _ . St L « 0
g oS
!
N
o1 o
[e)
m =z
o
o &
23
! : Sra°
j
- < 02
— 052

-~ -~ e ke - 3 -



e 4 S Y A9 B S M N 5 (S

o v O

sa e R a amaares m

//
ks e % % %
ISVYHd a3¥NSVIW
L) W ]
P if»/ - . WY R L et v oo L

25°

15°

10°
BIT COMMANDED PHASE

.1-2 Bjt Commanded Phase Vs. Measured Phase
(Analog Phase Shifter)

Figure E1

R

-

—

(4}

-

VSR p————— 4




|
I ELEMENT

e NO..
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) 1
* 4
¢
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§

1

i

! 3
t

3

[S2 B~

10
11
12
13
14
15

16

REFLECTION COEFFICIENT

16. ELEMENT ARRAY (ARGHLMEDEAN

RETYRN ..
LOSS dB

12
11
11
11
11
12
16
14
13
15

14

12
10
12
11
13

Table E1.2-1.

dB

dB

dB
dB

dB
dB
dB
dB
dB
dB
dB
dB
dB
dB
dB
dB

u..sz

1

1.
1.
1.
.78

1.58

.67

78
78
78

.67
.38
.5

.58
.43
.5

.67
.92
.67
.78

-

ELEMENTS)

PHASE
-171°
-180°
-167%

-157.5°°

-180°
-162°
-177°
-157°
-162%
-180°
-1€5°
-169°
-166°
-157°
-162°
-144°

Array Reflection Coefficient
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’ ‘GOUPLING COEFFLCIENT '
5 16 ‘ELEMENT ARRAY )FROM’:"EL’EMENT NO. B

AT ¢

76 ‘
ELEMENT NO. AMPLITUDE -PHASE

X

9 5 25 a8 - -42°

-~

10 -29 .dB +126°
11 -38 dB -36°

R w‘m‘g&;wg@wzv@-wg [ S SO

12 | . -38 @B +148°

13 -43 dB " +27%

s

14 - 42 dB 21639 | |

- 1b 46 dB +72% &

i. 16 ' -46 d8 ~135° i

k. ~{0 :
7 ~22 dB -58

: 6 -30 d8 Co+112° ;

5 -34 dB -57° |

-36 dB +135° ‘ |

-40 dB -9° §
|

nNow

-42 dB -170° -
1 ~45 dB . +54°

O

N B i i il

Tabje E1.2-2. Array Coupling Coefficient
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mrasurements wade from element number cight to all other elements
in the array. Element number efght was seiected for measure-
ments because It is a center element. The reflectjon and coup-

Ting measurements were used to compute the active impedance .o
of clement number eight as the array is scanned. Figure E1.2-1 o
is the plot of the active impedance of element number eight. ‘ b f“

E2  Range_Calibration

E2.1 Amplitude Monopulse (Digital) Phase Shifter Calibration :

The antenna range phase shifter calibrations weve pev- ;
formed so the actual bit phases and the 1asertion Yoss could be Co.
used in the beam control program, both in the experimentsl test 3
as well as the computer simultasion, ; ,

A1 digital phase shifter calibrations were made using
toggle switenes to command the phase states.

The test configuration shown in Figure EX.1-1 was used ;2
to measure the phase and ampiitude change with bit command of all
| 16 phase shifters,

The test confiauvation has a rvefevence channel added for
phasc reference of the HP8A0SA vactor volimeter. The array was
connected up in the amplitude monopulse configuration as shown B
in the figure. In order to test onc phase shifier at a time
only onc of the beam 8-way power combiners was connected to P
the sum and diffevence hybrid and one phasa shifter wascornce- o
ted to the remaining G-way power combiner. AVl unused ports . ;
were terminated with a 50 ohm load. With this configuration ;
cach phase shifter under test will see the ectual circuit mateh. : .
A11 phase shifters were tested for 12 digital bit commands. ? E
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Figures E2.1-2 and E2.1-3 are typical plots (for two phase
shifters) of the commanded phase versus the measured ﬁhase for
the Yeft and right beams, respectively. Figures E2.1-4 -and
E2.1-5 are the commanded bit phase versus the measured insertion
Toss  referenced from the 00 bit state. “ A

E2.2 Analog. Phase Shifter Calibration

One anaiog phase shifter was tested on the antenna range
using toggle switches to command the D/A input of the analog
pnase shifter. Figure E2.1-1 is the test configuration used
for anténna rangé calibration. Figure E2.2-1 is plot of bit
commanded phase versus measured phase. The solid 1ine is the
plot of circuit number 3 phase shifter, me=»sured on the bench
using a network anaiyzer. The points marked (X) are measurements
made on phase shifter number 18. Tiiese measurements were made on
the anténna range using a vector voltmeter. Figure EZ2.2-2 is a
plot of measured phase shifts versus amplitude change referenced
to the 00 state of the analog phasg shifter number 18.

The plot shown in Figure E2.2-1 shows that the commanded
phases versus the measured phase is a nonlinear response. This
non-linear response is compensated for in the computer software.

E2.3 00 Bit State Calibration

The test configuration shown in Figure E2.1-1 was used for
the 00 bit calibration.

The phase shifter located in socket 16 was used as the
phase and amplitude 00 reference for the vector voltmeter. Ail
phase shifters were switched to the 0° bit state. The phase dif-
ference measured for each phase shifter was recorded in order to
be used in the computer software for the electrical 00 phase
reference. Figure E2.3-1 is a plot of the phase shifter socket
location versus the 0° bit insertion phase, referenced to the
phase shifter located in socket 16.
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s Figure E2.3-2 is a plot of the phase shifters 0° bit :
: ~ state insertion loss, re’erenced the phase shifter located in ‘
socket 16. The phase shifter located in socket 13 had high
insertion amplitude when measured and was repaired. The 0° bit
3 state- insertion loss measurements were -used in the computer

j simulation.

E3 Antenna Measurement Configuration

Figure E3-1 s the block diagram of the antenna
measurement configuration and reférence geometry. The arrdy
! . wias aligned to the réference geometry then mechanically attached

: to the positioner. The antenna beams and nulls were steered
! T by the Datacraft 6024 software. Scientific Atlanta receiving B
g - and recording equipment was used to record the antenna pattern %

as the array was rotated. The 300 MHz array outputs were the
outputs of the sum and difference circuit. A C-band standard

gain horn was used as the transmitter source driven by a
microwave amplifier.
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MISSION
of
Rome Air Development. Center

RADC plm and conducts research, exploratdry and advanced
davq.!opmnt programe in comnnd, centrol, and comunicntiom
(C‘3) activities, &g:d in the ¥ areas.of .information aclences
and into.l.ligonce. The .principal tcchniul migsion -areas

. are co—unicatiom, «loctromgnctic gu.idmda and control,
aum‘nmco ‘of ground and -asrospace-objects, Intelligence
data éol.loction az’! handling, information ‘system tochnologyn 4
impho.ric propagat:.ion, solid state sclences, micromave
physics and elmtronic reliability, miintainability and
compatipility.




